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Preface 


The objectives of the third edition of “Reproduction in Domestic Ani- 
mals” are ( I ) to outline the basic knowledge relating to the physiological 
and biochemical and, to a lesser degree, the psychological and patho- 
logical aspects of reproduction in domestic animals to produce a text for 
use by advanced undergraduate students, by graduate students, by re- 
search scientists, and by workers in professional fields such as animal 
science, veterinary medicine, artificial insemination, and livestock consult- 
ing; and (2) to review the significant current literature, published since 
the 2nd edition, so that the book will continue to serve as a significant 
reference work dealing exclusively with research on reproduction io 
domestic animals. We assume that those using the text will have an ade- 
quate background in the physical and biological sciences. 

The initial two-volume edition of “Reproduction in Domestic Animals” 
with over 1100 pages was the first attempt to collate the literature relat- 
ing to the physiology of reproduction in domestic animals. The second 
edition, citing more than 3000 references, was reduced to 657 pages 
even though four new chapters were added: The Chemistry of the 
Gonadotropins, The Biochemistry of the Gonadal Hormones, Immuno- 
logical Characterization of the Gonadotropins, and Oogenesis and Fol- 
liculogenesis. To adjust to the spiraling costs of publishing, the third 
edition has been reduced to less than 700 pages, which includes the in- 
dex. Most research studies published five or more years previously are 
referred to through reviews to reduce the space occupied by the reference 
lists. 

Wc decided to revert to the approach used in the first edition which 
was to include chapters dealing with special characteristics of the 
individual domestic species in order (o make this information more 
readily available. A chapter on Reproduction in the Dog and Cat has been 
added. Because one can best approach the solution of many problems in 
reproduction on the basis of how hormones act, wc Iiave also added n 
chapter on the Mechanism of Action of Sex Steroid Hormones in the 
Female. Finally, a chapter appears on Genetic Variation and Improvement. 

Wc were most appreciative of the Foreword by Dr. Herbert McLean 
Evans which appeared in the first and second editions of this work. His 
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death on March 6, 1971, at the age of 89, marked the passing of one 
of the greatest biologists of modern limes. The acme of his career may 
have been reached in 1921-1922 when he announced; with Dr. Joseph A. 
Long the discovery of the growth hormone; with Dr. Katherine Scott 
Bishop the discovery of “a hitherto unrecognized dietary factor essential 
for reproduction” which later was to be designated vitamin E; and with 
Dr. Joseph A. Long as the senior author published the historic mono- 
graph on the estrous cycle in the rat. A host of significant contributions 
to our knowledge on the function of the pituitary gland were made in his 
laboratory, many in collaboration with Dr, Miriam E. Simpson. An ex- 
cellent bio-bibliography of Dr. Evans prepared by Drs, E. C. Amoroso 
and G. W. Corner was published in November 1972: Biographical 
Memoirs o/ Fellows of the Royal Society 18. 

We wish to express our gratitude for the scholary contributions of the 
authors and for their cooperation in expediting the publication of this 
edition. The staff of Academic Press has been most helpful. Finally, we 
are most grateful for the superior assistance of Mrs. Mary Bigelow 
Horton and Mrs. Magnar (Jane) Ronning in many aspects of the editing. 


H. H. Cole 
P. T. Cupps 



Preface to the First Edition 


Designing a booh to be useful as a text for advanced undergraduate 
and graduate students, for research workers in the field of reproduction, 
and for veterinary clinicians presents an interesting challenge Beyond 
furnishing an anatomical background, the first six chapters of this book 
outline modern concepts of reproductive physiology in mammals The 
remaining portions deal more specifically with reproduction in domestic 
animals, the authors, nevertheless, have not hesitated to draw upon 
knowledge of these events m laboratory animals where they have been 
elaborately worked out there Because of its size, this treatise has been 
divided into two volumes 

Differences in interpretation are not uncommon, the editors have 
neither desired nor attempted to harmonize viewpoints These differences 
reflect the incompleteness of our knowledge For instance, follicle stimu- 
lating and luteinizing hormones, as purified from antenor lobe tissue, 
have not been clearly demonstrated in the blood or urine of any species 
Some authors have assumed that both are true hormones and actually 
secreted, others have taken a more cautious position 

Usage of terms has, to some extent, been standardized Consistent 
usage of the terms “melestrus,"’ “diestrus,’* and ‘ anestrus” has been diffi- 
cult to achieve Inadequate knowledge of the intimate changes in the 
reproductive organs when Walter Heape introduced the terms accounts 
in part for this difficulty, species differences in secretory activity of the 
ovary during the postestrous interval with resulting variations m the com^ 
plexity of development of the accessory structures is a second compheat-' 
ing factor Although agreement on the use of these terms would be de- 
sirable, the problem is obviously too involved to effect umformit) in the 
present volumes Action by appropriate bodies to standardize usage of 
these terms would be desirable 

The editors take this opportunity to express their appreciation to the 
authors for preparing their chapters meticulously and promptly Excel- 
lent cooperation by the authors is evidenced in that scarcely more than a 
year elapsed between receipt of the first manuscript and publication of 
the book 


XV 



XVi PREFACE TO THE FIRST EDITION 


For many years reproductive physiology has been greatly enriched by 
the signal contributions made by Dr. Herbert M. Evans and his col- 
leagues. Many, including the senior editor, have benefited from a sojourn 
in the inspirational atmosphere of his laboratory. Our thanks are due him 
as author of the Foreword. 

We should like to express our thanks to Miss Lee Doyle and Mrs. 
June Law for assistance in the preparation of the Subject Index. 

Finally, the friendly helpfulness of the Academic Press staff has 
contributed toward making editing of these volumes a pleasant task. 

H. H. Cole 
P. T. Cupps 

Davis, California 
March, 1959 
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I. Early History 

The de\elopment of our knowledge of the working of the reproductive 
processes has been much slower than (hat of any other of the body func- 
tions The reasons are not difhcuU to discover For mammals the non- 
existence of eggs that could be seen without the aid of the microscope and 
the time gap between mating and the ability to recognize the products of 
conception m the uterus were obstacles that could only be surmounted by 
the invention of suitable visual aids and the formulation of the cell theory 
Also, the method of control by hormones, prominent in the functioning of 
the sexual organs, has been so recent a discovery tliat the delay is not sur- 
prising on this account alone 

Mankind has made up for the lack of physiological knowledge by an 
abundance of speculation Probably more has been written and thought 
about reproduction in one form or another than about anything else At 
one time or another every possible suggestion that might account for repro- 
duction of the species or, at any rate, that might explain some facet of the 
process has been made and pressed with various degrees of plausibility 
Most of this speculation and folklore had to be cleared away before 
explanations acceptable to science could be advanced 

Naturally enough, the Greeks liad a multitude of ideas on the subject. 


1 
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Fjo. 2 Left, George W Corner, discoverer, wiih Willard M. Allen, of proges- 
ferone. Right, Carl G Hartman, a pioneer m research in primate reproduction. 



Fig 3 Philip E Smiih 
(left) ^nd Earl T Engle 
(right) codiscoverers of 
the role of the interior 
I pituitiry m reproduction 




Fic 4 Herbert M 
Evins (at right), pioneer 
m anterior pituitary hor 
mone research and in the 
relation of vitamins to re 
production His father 
and stepmother are with 
him 
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and it is now known that many of these ideas had been passed on to them 
by the wise men of the East, especially India, a country with which they 
had much contact, particularly at the time of Alexander the Great. Our 
first comprehensive treatise on reproduction, Aristotle's “Generation of 
Animals” dates from this period. For a comparable treatise we bad to 
wait over two thousand years until Marshall's “Physiology of Reproduc- 
tion,” appeared. True, Galen (130-200 ad), William Harvey in 1651, 
discoverer of the circulation of the blood, and others had written books 
on reproduction, but these were hardly of the quality of the treatises of 
either Aristotle or Marshall. 

The Greek view of reproductive physiology was quite logical if the 
limited range of the facts at their disposal is considered. The fetus arose 
from the menstrual blood because this does not appear during preg- 
nancy. This material was activated by the seminal fluid. Sex was determined 
in this way: the male is darker in color than is the female so, as fetal 
development depends upon the coagulation of the activated menses, this 
must, for a male, be conducted at a higher temperature (coagulation of 
an egg, for instance, requires heat) and this will darken the product. The 
right side of the body is more active and nobler than the left, so it must 
be the hotter side. Hence, male fetuses are developed on the right side. 
Even in present times, one occasionally hears that the right ovary gives rise 
to males and the left to females. As the two ovaries are said to alternate 
in their action it is possible, according to this view, to obtain a male or 
female at will by noting the sex of the previous offspring and counting 
subsequent cycles. Incidentally, the Greeks of this period had no knowledge 
of the ovaries. Credit for this discovery is given to the Alexandrine Greek, 
Herophilus, about a hundred years later (ca, 300 BC). He called them 
“the female testes,” a name which they bore for many centuries. During this 
imerva^ t’ney were not recognized as equ'iva'ient to fne ovaries ol fne * 0116 . 
Aristotle knew of a bull that remained fertile for a time after it had been 
castrated and was led to deny a direct influence of the testes upon fertility. 
He suggested that the semen was derived from all parts of the body and 
that the testes were merely plummets that kept the necessary tubes from 
becoming kinked and, thus, stopped up. It is no wonder that these early 
authorities were confused about the ovaries. This doctrine of semen deriva- 
tion, known as “pangenests,” was revived m more recent times by Darwin, 
who called the active particles “gemmules.” 

After the activities of the Greek Alexandrine School there is little to 
record until Fallopius, an anatomist at Padua (died 1562, at age 39 
years), described the tubules that bear his name. In the intervening cen- 
turies there was nothing but practical treatises on obstetrics, and recapitula- 
tions of the knowledge brought together by Aristotle, who, with the physi- 



1. HISTORICAL INTRODUCTION 5 


pian Galen (130-200 ad), was regarded as the final authority on biological 
matters. Galen was something of an experimentalist, and he added some- 
thing to embryology by his dissection of hens’ eggs. Then the study of 
anatomy eventually began to shake off this authoritarianism, and anatomists 
began to look at specimens for themselves, to dissect them, and to interpret 
I what they saw. A student of Fallopius, Volcherus Goiter, in 1573 de- 
scribed the corpus luteum, and in 1672 Regnier de Graat described the 
Graafian follicle. He suggested that it represented the egg, corresponding 
to the egg of the bird or frog. A few years previously, in 1667, the 
Danish anatomist Steno had suggested that the female testes were in 
reality the mammalian equivalent of the ovaries of egg-laying animals, 
but he had no idea of the nature of the mammalian egg. However, his 
was a fruitful suggestion and it put the anatomists at last on the right 
path. De Graaf also killed rabbits at half-hourly intervals after copulation. 
He discovered that the number of cicatrices in the ovaries usually cor- 
responded with the number of eggs or embryos in the uterus. But he recog- 
nized that the “ovum” in the uterus was much smaller than the follicle, 
which he regarded as the egg. 

For many years William Harvey had been studying the subject of re- 
production and in 1651, when he was 73 years old, his views were pub- 
lished in book form. He had followed the development of the chick at 
regular intervals through incubation, as had others before him, and he 
added materially to our knowledge of embryology. In his mammalian 
studies he was not so fortunate. He studied the deer and the rabbit, but 
^ was baffled by the interval between the time of coitus and the time when 
, something resembling an avian embryo could be found in the uterus. How- 
j ever, he did recognize that the maternal and fetal circulations were distinct, 
a major contribution in itself. 

A few years later, an amateur biologist of Delft, Holland, made an obser- 
vation that was to mark the beginning of the modern era in this field. He 
had improved the simple lens and had the curiosity to examine with his 
instruments everything that came his way. A medical student named Hamm 
drew his attention to the presence of live animalcules in the semen of a 
man afflicted with a venereal disease. The biologist van Leeuwenhoek soon 
found that similar animalcules were present in the semen of males from 
many species of animals, a fact that was published in print in 1677, though 
he seems to have informed others by letter several years previously. In 
those days there was an active correspondence between workers in several 
countries, and this was an important factor in disseminating the latest 
information. Publication was secondary. In most countries there were small 
societies or clubs of philosophical amateurs, who were avid students of the 
latest scientific discoveries. 
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This discovery by van Leeuwenhoek led fo an immense amount of 
speculation, and biologists as well as numerous other philosophers keenly 
debated its implications. They divided into two camps, one maintaining 
that the o\Tim, still undiscovered, gave rise to the embrj^o, while others were 
equally certain that this was the function of the “new” animalcules. Another 
controversy arose between the “preformationists” and the “epigenists.” The 
former maintained that the embryo was present fully formed in either the 
egg or the sperm. Thus, one or other of these bodies must contain the eggs 
or sperm of the next generation and so on ad infinitum both up and down 
the line. Adam, or Eve, therefore, must have contained the germs of all 
their descendants. This absurd doctrine gave rise to much speculation, 
, theological and otherwise, but one gets the impression that several of the 
writings on the subject may properly be classed in the category of “leg 
pulls.” More sensible were the speculations of Swammerdam (1637-1680), 
a superb dissector. He was puzzled concerning how the egg got into 
the oviduct of the frog. He described ihc external fertilization of the egg 
and observed its first cleavage. Yet, he was an ardent preformationist. The 
epigenists took the opposite view, namely, that the egg and the sperm had 
to be organized into the form of the embr >'0 and that this look place anew 
with each union of the two. However, there was still only speculation, but 
no proof, for mammals, that the newly discovered animalcules, or sperma- 
tozoa, entered the ovum, and it must be remembered that the actual mam- 
malian ovum had not yet been discovered. Only the early embry’o was 
yet known. 

In 1780 the Italian priest Spallanzani, also working with the frog, 
attempted to answer the question of whether or not the spermatozoa were 
actually the fertilizing agents for the egg. His method was to filter semen 
through blotting paper. Fertility was lost in some instances, but not in 
all. He attempted other experiments of a similar nature, but none gave 
him the correct answer, as they did not absolutely exclude the spermatozoa. 
It remained for Dumas in 1825 to provide definite proof by experiments 
with rabbits that spermatozoa are the fertilizing agents. Spallanzani did 
show that semen diluted to the extent of one drop in 25 pounds of water 
retained the ability to fertilize, and be was also the first in modern times 
to demonstrate the possibility of artificial insemination. He used the dog 
for this purpose. 

Recognition of the mammalian ovum was hardly possible until the cell 
theory had been developed. Several workers seem to have seen bodies en- 
veloped by the discus proligenis and to have described these as ova. 
Crutkshank in 1797 may have seen them in this form. He certainly de- 
scribed rabbit ova in the oviducts on the third day following impregnation. 
Later, Prevost and Dumas opened rabbit follicles and obtained from them 
bodies about 1 mm in diameter. These were less transparent than the 
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smaller eggs which they found developing within the uterus Definite recog- 
nition came in 1827 when von Baer described the ovum and noted its 
relation to the discus prohgerus and to the follicle He called the newly 
found object an “ovulum ” In the same year Dumas said that the sperma- 
tozoon and the ovum unite in the oviduct or uterus He and Provost saw 
a single spermatozoon m the egg of a frog and expressed the view that 
one IS sufficient to fertilize the egg In 1 840 Barry found, for the first time, 
spermatozoa m a mammalian egg This was a rabbit egg Three years later 
he described an embryo in the two-blastomere stage Ten years after this 
(1853) Newport described the penetration of a frog’s egg by spermatozoa, 
and the modern age of reproductive biology had begun 

II. Sex Determination 

Sex determination is one aspect of the subject that excited lively con- 
troversy, and the theories advanced to account for the sex of an individual, 
male or female, have been legion Obviously, no correct answer could be 
forthcoming until the cell nucleus was recognized and the role of the 
chromosomes described 

I In 1901 McClung pointed out that a sex difference existed in the 
chromosomes, but his interpretation of it was at fault It remained for 
Stevens and Wilson, each working with insects, to work out the true 
relationship of the heterochromosomes to sex The haploid nature of the 
germ cells had been recognized previously in 1 883, by van Beneden, and 
the restoration of the diploid condition by the union of the gametes was 
already understood It remained for the recognition of sex linkage by 
Bateson and Punnet in 1908, a condition that, to clinch the matter allowed 
recognition of the line of descent of individual chromosomes More recent 
events in this field have been Barr s discovery of the sex chromatin, use 
of more efficient techniques in chromosome recognition, the finding that 
the Y chromosome of mammals is definitely concerned m male develop 
ment, and, most recently, the discovery by Blackler that, in the South 
African clawed toad, at any rate, the genetic composition of the gonads 
determines the sex, not the composition of the germ cells themselves If 
this latter finding is confirmed in other species, and circumstantial evidence 
points in this direction, it is an important addition to our knowledge 

III. Sexual Cycles 

One of the first to draw attention to the cyclic nature of the sexual 
process was Latastc, who worked at Bordeaux with a variety of rodents 
Tins was pioneering work, and at the time attracted little altcntion In f.acl. 
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the physiology of reproduction was investigated very slowly. After the 
initial discoveries, the attention of biologists seems to have been diverted 
in the direction of working out the changes that take place in the cell 
nucleus during division, and in the study of embryological development. 
Eventually, both of these led back to reproduction, in the case of embry- 
ology because of the demand for more accurately aged material. 

Next came the work of Heape, who defined and named the various 
phases of the female cycle in mammals. He also pointed out the essential 
similarity between the reproductive processes in man and other mammals, 
a conclusion he reached as a result of his studies of the changes in the 
sexual organs of monkeys. Heape also drew attention to the fact that 
ovulation in the rabbit is induced by coitus. This led to eventual recogni- 
tion of the endocrine nature of much that goes on in the sexual cycle. He 
was the first to successfully transfer ova from one female to another. 

As a result of Heape’s work, Marshall was able to differentiate be- 
tween the physiological activities of the Graafian follicle and the corpus 
luteum in their relations to the accessory organs. This work was consider- 
ably extended by Ancel and Bouin. Later, Marshall demonstrated the 
effects of changing light gradients in certain seasonal reproducers, thus 
helping to explain the nature of this phenomenon. 

Further pioneer work was that of Deanesly and Parkes, who showed 
how, by a carefully contrived sampling system, together with a study of 
the histology of the tracts, much information may be obtained about 
reproduction in wild species that do not readily reproduce in captivity. 


IV. Steroid Hormones 

In 1849 Berthold published the results of work in which he castrated 
roosters and, in a few, impfanied the testes upon the intestines. As 8 
consequence, these birds did not display the usual results of castration, and 
he drew the correct inference that the testes produced blood-borne sub- 
stances that maintained the accessory sexual structures and male behavior. 
But it was not until the turn of the century, after Bayliss and Starling 
had enunciated their hormone theory, that attention was again given to 
this possibility. In the first decade or so of this century several workers 
injected various types of crude extracts of gonads or of uteri, and they 
occasionally obtained growth of the uterus, but, on the whole, the results 
were not encouraging. In searching for an active substance of totally un- 
known structure, usually present in very small amounts, a good biological 
lest is csseniial during ihc earlier work. In 1917 Stockard and Papanicolaou 
published thetr work on the estrous cycle of the guinea pig, and similar 
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studies followed in 1922, on the mouse, by Allen, and on the rat, by 
Long and Evans. These studies showed that the vaginal smear gave a 
valuable clue to the ovarian changes. In 1923, Allen and Doisy used 
this hint as a means of tracking down the follicular hormone, which was 
soon isolated. Its structure was worked out, and synthesis soon followed. 
It turned out to be a steroid substance, a member of a class of organic 
compounds just beginning to be recognized. At first it was obtained in 
small amounts and from natural sources only, but when Girard introduced 
his series of reagents, the isolation in quantity of estradiol and related 
substances from human pregnancy urine soon followed. A dramatic 
moment in the history of this development occurred at a meeting called to 
discuss the possibility of setting up an international reference standard for 
the estrogens, which had not yet been obtained in an absolutely pure state. 
The American and British representatives were talking about donating 
milligrams to the pooled standard when Girard, who had been invited at 
the last moment, produced from his pocket several grams and promised a 
good many more. 

Isolation of estrogens was quickly followed by that of progesterone from 
the corpora lutea of pigs by Corner and Allen. The role of this organ 
in maintaining pregnancy was known from the work in 1 903 by Fraenkel, 
who is said to iiave received the hint from his professor. Born, while 
the latter was on his deathbed. The method of detection used by Corner 
and Allen was to use the extracts to build the endometrium of the ovari- 
ectomized rabbit to the level found during pseudopregnancy. The history 
of these exciting days is recounted in most interesting manner by Corner. 

The androgenic activity of testes extracts was discovered by McGee in 
1927. He used the sensitivity of the rooster comb in the test Interest in 
all these substances was lively, and a number of laboratories were involved 
in their purification, characterization, and synthesis. Among these may be 
mentioned the laboratories of Koch, Ruzicka, Butenandt, and Laqueur, 

Another hormone, relaxin, has been obtained in impure form from the 
corpus luteum. It is not a steroid but a polypeptide, and its exact functions 
are still controversial. It was first described in 1 928 by Hisaw. 


V. Anterior Pituitary Hormones 

In 1905 Heape suggested that the activity of the gonads was controlled 
by a substance circulating in the blood. He gave it the provisional name 
“generative ferment.” In 1925 this hypothesis was extended by Ham- 
mond and Marshall, who considered that the substance, wliatever it 
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might be, was also concerned in body growth and in lactation, since all 
these were linked in some way. Growth had to be considerable before 
the gonads began to function and estrous cycles tended to be suppressed 
during lactation. If one adds together the functions of several of the anterior 
pituitary hormones, they act much in the manner suggested by the genera- 
tive ferment concept. 

The first of the anterior hormones to be isolated and purified was pro- 
lactin. Evidence for the existence of a pituitary factor that influences milk 
secretion was first given by Strieker and Grueter in 1928. Riddle and 
Braucher reported that this hormone stimulated the crop gland of pigeons, 
a finding which led to a favorite method of assay. It was partially purified 
and named by Riddle and Bates in 1933. In 1929 Bellerby had shown 
that an extract of the anterior pituitary gland would induce ovulation in 
the eslrous rabbit, a species that ordinarily requires activation by coitus 
before ovulation occurs. This was followed by the work of P. E. Smith, 
who perfected the parapharangeal surgical technique for removing the 
rat pituitary, thus providing at the same lime evidence regarding pituitary 
function and a convenient animal for testing the potency of extracts of the 
gland. The profound effects of the operation upon the gonads, which 
immediately atrophied, and the restorative effects of implants of the gland 
or of extracts were soon demonstrated. This work was followed up by 
Fevold et al. and Evans et al. and soon led to highly purified preparations 
of follicle-stimulating hormone (FSH) and luteinizing hormone (LH, or 
ICSH). Like prolactin both of these were found to be proteins, and their 
separation proved to be difficult. 

As a consequence of relying too much upon evidence from a single 
species, the rat, which is easier than most to work with, some of the earlier 
generalizations have not stood up under further testing. For instance, pro- 
lactin was found to be the hormone that stimulates the corpus luteum to 
secrete progesterone. This is so in the rat and probably in many other 
rodents, but in those species of other orders of mammals about which we 
have information LH is the activating hormone. 

These hormones are evidently used in the glands they stimulate because 
they have to be supplied continuously if they are to maintain the gonads. 
Furthermore, there is a relationship between the amount supplied and the 
amount of their effect. Before they were isolated, Lipschutz had deduced 
a “law” of follicular constancy. This was based on the fact that females 
tend to ripen a constant number of follicles al each heat period, and that 
if one ovary is removed, the other does the work of both. Evidently, the 
amount of FSH secreted determines the number of follicles that may 
mature at any one time. Additional injected FSH Increases the number 
of ripening follicles, a fact that has proved useful in experimental work. 
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Information on the role of the placenta as an endocrine organ came 
from Aschheim and Zondek’s discovery in 1927 of a gonadotropic sub- 
stance in the urine of pregnant women. It proved to be similar to LH in 
its physiological properties. This was followed in 1930 by Cole and 
Hart’s discovery of a substance resembling a mixture of FSH and LH in its 
physiology in the blood scrum of the pregnant marc. Both discoveries were 
useful, as they provided abundant sources for these hormones. It was no 
longer necessary to rely upon the limited supply of pituitaries for hormones 
with gonadotropic activity. They were also useful in providing a test for 
pregnancy in these two species. 

In 1937 Harris showed that electrical stimulation of the hypothalamic 
region of the brain would cause the female rabbit to ovulate, while 
Markee and his students began to explore the effects of sympathetic and 
parasympathetic stimulating and blocking drugs upon reproduction. This 
soon became a very active field, and it is impossible to single out individ- 
uals whose contributions have led to the greatest development. It is suffi- 
cient to say that the hypothalamus is now recognized as the source of poly- 
peptides that travel to the anterior pituitary and there control the hormone 
output. It is by this pathway that exogenous stimuli such as light or the 
sense of smell or sight (Whitten and Bruce effects) are able to exert their 
effects. 


VI. Physiology of Spermatozoa 

By far the most important development in reproductive physiology has 
been that which has led to the widespread use of artificial insemination in 
animal breeding. This has obvious advantages in reducing the number of 
mates that must be maintained, in increasing the possibilities of improve- 
ment by using only males that transmit to their offspring the most desirable 
characters, and, especially since the introduction of antibiotics, in control- 
ling the spread of venereal diseases in livestock. 

The work of Spallanzani, who successfully inseminated a dog, has 
been mentioned. After that initial work only sporadic attempts were made 
to put the discovery into practice until the beginning of this century, when 
the Russian Iwanow began to investigate the possibility of collecting, 
preserving, and diluting the semen. His work was, at first, entirely with 
iiorses, but he gradually extended it to other domestic species, and after 
World War I the results began to be used for large-scale purposes, 
Milovanov was one of those who developed the techniques, and his name 
is especially associated with the use of semen diluters. In 1936 the first 
artificial insemination cooperative was organized in Denmark, on the 
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Other deficiencies that may occur during pregnancy. Adverse conditions 
have to be rather extreme for them to affect reproduction. 

A practical problem in which progress has been made is that of syn- 
chronization of heats so that a number of females ovulate at a date chosen 
by the farmer or inseminator. This, when perfected, will make it much 
easier to arrange a breeding program and will lessen the amount of work 
and time involved in visiting farms for performing the inseminations. This 
line of enquiry is still very recent, and it is being pursued in several 
laboratories. Much of this work consists in screening various steroid deriva- 
tives and choosing the most effective ones. These substances are being 
produced in the research laboratories of many drug houses in connection 
with the search for the ideal contraceptive. A problem that needs further 
work is that the conception rate is lower than usual in the heat period 
immediately after these substances have been used. It is clear that we do 
not yet have the best means of normalizing the reproductive organs after 
they have been held inactive by the synchronizing drug. 

It is easy to make a list of outstanding problems in reproduction, and 
a complete one would be very long. Ability to control the sex of the off- 
spring is one that has attracted much attention, and frequent claims of 
success have been made, only to be followed by a silence that indicates 
that the method proposed has not been as successful as had at first been 
believed. 

The problem of pineal involvement, which has not been treated in this 
chapter, is another one that calls for elucidation. Hormone levels and feed- 
back mechanisms also require much more work. The use of radioactive 
tracers to find the rate of loss of steroid hormones at each step of their 
assay has already helped in this respect, as il has made assay much more 
accurate than was possible in the past. 

TTie recent finding of Moss and McCann that LHRH will induce mating 
behavior “. . . provided that the animals were first primed by the injec- 
tion of a small quantity of estrogen” shows that much is still to be learned 
about the physiological effects of the hormones which are known to in- 
fluence reproductive processes. 

There are also many problems of a fundamental nature awaiting an- 
swer, such as; What do fertilization and activation of the egg actually 
involve, and why are they distinct? For that matter, why does a fertilized 
egg divide? What is the mechanism of reduction division and extrusion of 
polar bodies? How is ovulation brought about? What causes certain hor- 
mones to be so specific in their actions? What arc the relationships beiNSCcn 
the structure of the hormone and that of the cells with which they react? 
What causes the uteri of some species to be so specific in the positions in 
which jmpjanialion of cmbiyos may occur? And what determines the 
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length of gestation'^ It is surprising how many of these important questions 
still await answers 
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island of Samsd, by S0rcnscn and Gylling Holm, and from this time prog- 
ress was rapid. 

In the United States an experiment made in Minnesota from 1937 to 
1938 proved successful with beef cattle. In 1938 E. J. Perry organized 
the first American cooperative in New Jersey. Among those who were 
engaged in developing techniques and in improving the cfTicicnc)’ of opera- 
tion Nvere Walton, Phillips, and Willett and Salisbuiy'. The latter. In co- 
operation with Knodt, introduced the addition of sulfa drugs to the semen 
as a means of reducing bacterial contamination and cutting down the 
incidence of venereal diseases. About the same time Almquist further im- 
proved upon this by adding antibiotics to the semen diluters. 

In 1950 Polge et al. found that by adding glycerol to bull semen 
it may be frozen and preser\'ed at — 79-C or lower without undue loss 
of its fertilizing ability. This discoveiy', due to a fortunate accident in the 
laboratory', together with the capacity of the investigators to interpret 
what had happened, has led to a considerable advance because semen of 
some species may now be kept for years if necessary; thus, semen banks 
may be used and specimens sent under refrigeration for very' long distances. 

Effective use of these new techniques demanded that the estrous cycles, 
as well as the optimum time in the cycle for insemination and the length 
of survival both for the sperm and the ovum, should be known in more 
detail than had previously been the case. Many workers have taken part in 
these explorations, and it is impossible to mention more than a few of 
them. In 1903 Marshall published work on the estrous cycle of the sheepf 
and this was followed by papers by Cole and Miller in 1935 and McKenzie 
and Terrill in 1937. Murphey was working with cattle in 1924, and Ham- 
mond published on the subject in 1927. In 1926 McKenzie dealt with the 
pig. This was followed in 1959 by a monograph by Nishikawa on the horse. 

In 1911 Lewis pointed out that the life of the spermatozoon and of 
the ovum in the female tract of domestic animals was shorter than was 
usually realized and gave approximate figures. This was followed in 1926 
by a study of the subject in rabbits by Hammond and Asdel! w’hich con- 
firmed Lewis’s pioneer work. This species was ideal for this type of problem 
because in it ovulation depends upon coitus, which it follows at a very' 
definite interval. In 1943 Trimberger and Davis obtained definite figures 
upon the relationship between estrus and ovulation in the cow and on 
the effect of the interval between insemination and ov'ulation upon fertility- 
Gradually, a satisfactory picture of this very practical phase of the subject 
has been constructed. 

In 1922 Crew suggested that spermatogenesis required a lower tempera- 
ture than that of the body and that, therefore, the testes were suspended 
in the scrotum, which serv’es as a thermorcgulalor. These facts were used 
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by Asdell and Salisbury in 1941 to work out the rate of spermatogenesis 
in the testis. Their results have been essentially confirmed by recent \vork 
in which radioactive tracers have given more precise figures. 


VII. Control of the Secretion of Pituitary Hormones 

The extension of knowledge during the past decade relating to the con- 
trol of the secretion of anterior pituitary hormones through hypothalamic 
hormones and the factors responsible for the release of these hypothalamic 
hormones undoubtedly represent a major area of advances in our under- 
standing of reproductive physiology. These findings are elegantly described 
in Chapter 3 and thus need not be considered here. 


VIII. Prostaglandins and Reproduction 

There is evidence that prostaglandin F_,(PGF.,) or its precursor, arachi- 
donic acid, is the uterine iuteolytic factor in the ewe and cow. (See Chap- 
ter 4.) Also it appears that specific uterine proteins may play a significant 
role in certain processes during pregnancy. 

Prostaglandins have been used successfully in the synchronization of 
estrus in several species ( this is alluded to very briefly in Chapter It). 
Prostaglandins (POFj, or PGEj) have been used successfully in inducing 
abortion in women (Lobotsky, Res. Prostaglandins). Some evidence sug- 
gests the prostaglandins may play a role in oviposition in birds; see 
Chapter 20). One should not be left with the impression that prosta- 
glandins are involved solely in regulating reproductive phenomena. A 
considerable body of knowledge has been built up to show that “prosta- 
glandins are probably liberated at a large number of autonomic effector 
sites and that they subsequently influence both the release of transmitter 
material and the reactivity of the effector organ to the transmitter itself” 
(M.J. Brody, 1973). 

IX. Miscellaneous Factors 

So far nothing has been said about the effects of varying nutrition upon 
fertility. This is largely because under modern conditions of feeding do- 
mestic animals, quantitative and qualitative deficiencies are rarely seen. 
There is evidence that vitamin A and E deficiencies interfere witfi sperma- 
togenesis in the rat (Evans and Burr, 1927) but other species do not 
seem to be as sensitive, and the same seems to be true for vitamin and 
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Other deficiencies that may occur during pregnancy. Adverse conditions 
have to be rather extreme for them to affect reproduction. 

A practical problem in which progress has been made is that of syn- 
chronization of heats so that a number of females ovulate at a date chosen 
by the farmer or inseminator. This, when perfected, will make it much 
easier to arrange a breeding program and will lessen the amount of work 
and time involved in visiting farms for performing the inseminations. This 
line of enquiry is still very recent, and it is being pursued in several 
laboratories. Much of this work consists in screening various steroid deriva- 
tives and choosing the most effective ones. These substances arc being 
produced in the research laboratories of many drug houses in connection 
with the search for the ideal contraceptive. A problem that needs further 
work is that the conception rate is lower than usual in the heat period 
immediately after these substances have been used. It is clear that we do 
not yet have the best means of normalizing the reproductive organs after 
they have been held inactive by the synchronizing drug. 

It is easy to make a list of outstanding problems in reproduction, and 
a complete one would be very long. Ability to control the sex of the off- 
spring is one that has attracted much attention, and frequent claims of 
success have been made, only to be followed by a silence that indicates 
that the method proposed has not been as successful as had at first been 
believed. 

The problem of pineal involvement, which has not been treated in this 
chapter, is another one that calls for elucidation. Hormone levels and feed- 
back mechanisms also require much more work. The use of radioactive 
tracers to find the rate of loss of steroid hormones at each step of their 
assay has already helped in this respect, as it has made assay much more 
accurate than was possible in the past. 

The recent finding of Moss and McCann that LHRH will induce mating 
behavior “. . . provided that the animals were first primed by the injec- 
tion of a small quantity of estrogen” shows that much is still to be learned 
about the physiological effects of the hormones which are known to in- 
fluence reproductive processes. 

There are also many problems of a fundamental nature awaiting an- 
swer, such as: What do fertilization and activation of the egg actually 
involve, and why are they distinct? For that matter, why does a fertilized 
egg divide? What is the mechanism of reduction division and extrusion of 
polar bodies? How is ovulation brought about? What causes certain hor- 
mones to be so specific in their actions? What are the relationships between 
the structure of the hormone and that of the cells with which they react? 
What causes the uteri of some species to be so specific in the positions in 
which implantation of embr>’os may occur? And what determines the 
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length of gestation’’ It is surprising how many of these important questions 
still await answers 
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(PMSG), and prolactin. The volume of literature which has been published 
within recent years on the chemistry and physiological properties of the 
gonadotropins is too extensive to review in detail; therefore, we will cite 
selected examples of recent work. For more extensive coverage of the 
chemistry of the gonadotropins, the reader is referred to recent reviews (56, 
57, 104) and books (75, 106). Recent reviews which describe the 
physiological characteristics of the gonadotropic hormones have also been 
prepared (44, 87,118, 128). 


II. Chemistry of Gonadotropins 

A. COMMON STRUCTURAL FEATURES 
1. Carbohydrates 

LH, FSH, HCG, and PMSG are glycoproteins. Their carbohydrate 
contents range from approximately 13% for ovine, porcine, and bovine 
LH to approximately 45% for PMSG. Generally, within these glycoproteins 
the monosaccharides — mannose, galactose, fucose, A'-acetylglucosamine, 
N-acetylgalactosamine, and sialic acid — are linked in multiple oligosac- 
charide chains to form complex heteropolysaccharidc units (6). These 
complex carbohydrate units are connected to the polypeptide chains with 
single iV-acetylglucosaminyl-asparagine linkages. The amino acid triplet 
sequences, Asn-X-Thr or Asn-X-Ser (X being any amino acid), have been 
postulated to be the recognition site for the enzyme which attaches 
W-acetylglucosamine to the amide group of asparagine in W-glycosidic 
linkages (117). Little is known about the structures of the carbohydrate 
units within most gonadotropic hormones; however, Bahl (6) has proposed 
complete structures for the complex heteropolysaccharide units of HCG 
and has reported the structure of short oligosaccharide chains linked by 
O-glycosidic bonds between Af-acetylgalactosamine and serine residues in 
HCG. The sialic acid in HCG is located terminally on the oligosaccharide 
chains. 

Sialic acid is essential for full expression of the biological activity of 
several gonadotropins. Complete enzymic removal of sialic acid from 
human LH (18), HCG (722). ovine, porcine, and chicken FSH (68), and 
PMSG (727) drastically reduced their biological activity. Morell e( al. 
(79) have proposed that sialic acid prolongs the half-life of glycoproteins 
by inhibiting their uptake and degradation by the liver. Sialic acid appar- 
ently contributes little or nothing to the structural configuration required 
for interaction of glycoprotein hormones with their target tissue receptors. 
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Following the complete removal of sialic acid from HCG, the plasma 
half-life was reduced more than 95%, whereas its affinity for ovarian 
binding sites was not diminished {121, 123). 

2. Subunits 

The gonadotropins LH, FSH, HCG, and PMSG, as well as thyroid- 
stimulating hormone, consist of two dissimilar subunits designated « 
and p which can be readily dissociated by incubation with urea, guani- 
dine-HCl, or propionic acid. These subunits possess little (104) or no 
(45, 62) biological activity. The lack of biological activity appears to 
be due to a lack of affinity of the subunits for hormone receptors within 
tissues responsive to the intact molecule. For example, highly purified a 
and p subunits of HCG fail to inhibit the binding of *-'I-labeled HCG to 
homogenized testis (22) preparations. The recombination of glycoprotein 
hormone subunits generally results in the regeneration of from SO to 80% 
of the original biological activity (45, 62, 104). Chemical and biological 
studies have led to the concept of a common n subunit and hormope- 
specific p subunit. Figure 1 shows that the amino acid sequences of the « 
subunits of LH, HCG and FSH are similar but not identical to one another. 
In contrast. Fig. 2 shows that there is considerable variation in amino acid 
sequences and/or lengths of the p subunits among the three hormones LH, 
HCG, and FSH. The p subunit has the structural characteristics which are 
required for a specific hormone activity. Therefore, hybrid combinations 
of the a subunit of one hormone with the p subunit of another hormone 
generally results in the recovery of considerable biological activity of the 
hormone from which the p subunit was obtained. For example, a com- 
bination of the a subunit of LH with the p subunit of FSH yields a hybrid 
with FSH activity (57). 

3. Polymorphism 

Jutisz and Tcrtrin-Clary (57) and Sairam and Papkoff (104) give a 
detailed discussion of gonadotropic hormone polymorphism. 

Studies with highly purified ovine LH (110), bovine LH (29), porcine 
LH (/), equine LH (17), human LH (94), ovine FSH (111), HCG 
(41), and PMSG (59) indicate that these glycoprotein hormone prepara- 
tions consist of a spectrum of physically and chemically similar molecules 
which dilTcr from one another to a degree required for their chromato- 
graphic and/or electrophoretic resolution. 

Tlic polymorphism of LH has been allribiitcd to niicroheterogcncily of 
the carbohydrate units (72), deletion of amino acids from the N- and C- 
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termini (69, 71), genetic difTerenccs in amino acid sequences {71), and 
differences in amide content {37). The microheterogeneity of HCG has 
been generally attributed to differences in sialic acid content (57). 

The polymorphism of glycoprotein gonadotropins may be the result of 
natural in vivo structural variations among molecules. Alternatively, en- 
zymic and chemical alterations may occur in the native molecule during 
isolation or storage. Both of these explanations may contribute to this 
polymorphism. Withdrawal of physiological amounts of gonadal steroids 
by gonadectomy changes the apparent molecular size of pituitary FSH in 
the monkey (95) and rat (13). These observations (13, 95) support the 
point of view that gonadotropic hormone polymorphism might, in part, he 
a natural physiological phenomenon. 


B. LUTEINIZING HORMONE (LH) 

Highly purified preparations of ovine, bovine, porcine, equine, and 
human LH have been prepared in sufficient yields to permit rigorous 
characterization of their chemical properties. Avian pituitaries also con- 
tain two glycoprotein gonadotropins. Gonadotropic hormone preparations 
with chemical and biological properties similar to mammalian LH and 
FSH have been isolated from chicken (i/9) and turkey pituitaries (56). 
These avian gonadotropins demonstrate relatively low biological potency 
when assayed in the rat; therefore, they are generally assayed In more 
responsive nonmammalian systems (56). Chemical studies of the avian 
gonadotropins are in their infancy. 

1. Yields and Biological Activity 

Table I summarizes the yields, biological activities, and physical prop- 
erties of several preparations of mammalian gonadotropins. For more in- 
formation concerning the isolation techniques which have been employed, 
the reader is referred to the recent reviews by Jutisz and Tertrin-Clar>’ 
(57) and Sairam and Papkoff (104). 

The wide variation in yields of gonadotropin preparations may be 
attributed to a number of factors including differences in the purity of 
preparations and differences in the quantity of biologically active molecules 
present in the original extract which w'crc retained throughout isolation. 
With most mammalian species the yields of LH are relatively high, gener- 
ally exceeding 100 mg/kg whole frozen pituitary tissue. Equine LH is an 
apparent exception since the yield of the highly purified preparation of 
BrascUon and MeShan (77) is only 16 mg/kg whole frozen pituitary' 
tissue. 
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TABLE I 

Characteristics of LH, FSH, HCG, and PMSG 


Hormone 

and 

species 

Yields 

(mg/kg) 

frozen 

whole 

pituitary 

tissue 

Relative 

potency 

Physical properties 

Referenc^es 

Molecular 
weight by 
sedimentation 
analysis 

Isoelectric 
point by 
isoelectric 
focusing 

LH'' 






Ovine 

30-380 

1 9-4 5 

28,000-32,500 

7 0-9 4 

57 J 04 no 

Bovine 

60-180 

1 5-2 1 

25,200-30,000 

9 55 

29,57,104 

Porcine 

270 

0 7-3 9 

27,000-34 000 

74-789 80 

J 57, 104 

Equine 

16 

5 3 6 2 

33,500 

4 5-7 3 

17 61 

Human 


8 0-10 7 

34 000 

6 76-9 85 

94 100, 120 

FSH^ 






Ovine 

2 7 

133 

32,700-33,800 

4 6 

111 

Bovine 


3 1 


4 82 

98 100 

Equine 

26 

90 

33,200 

4 1 

17 

Human 

10 

390-428 

32,600 

3 36-5 55 

9S 100 101 105 

HCG< 






Human 


12 000-18 500 

37 700 

3 8 5 1 

41 81 

PMSG-* 






Equine 


15,000-16 000 

28,000 


15 64 


“ Reiaiive potencies determined hy ovarian ascorbic acid depletion bioassa>s and expressed 
relative to NIH LH SI 


^ Relative potencies determined by ovarian HCG augmentation bioassays and expressed 
relative to NIH FSH St 

* Relative potencies determined by rat \encrai prostate weight bioassays and expressed 
relative to 2nd IRP HCG 

•* Relative potencies determined by rat ovarian weight bioassay and expressed relative 
to 2nd international standard PMSG 

Relative potencies of LH preparations are generally determined with 
the rat ovarian ascorbic acid depletion bioassay and expressed in terms 
of the partially purified ovine LH preparation NIH-LH-Sl (see Chapter 5) 

Although relative potencies of LH preparations obtained from several 
species overlap, rigorous biological characterization of highly purified 
preparations of LH indicate that species differences in the biological prop- 
erties of LH probably exist Highly punfied ovine and bovine LH prepara- 
tions arc generally two to three times as active as the NIH-LH-SI standard, 
whereas porcine LH preparations arc, m nearly all cases, approximately 
cqu il to the NIH-LH-SI standard The highly purified equine LH prepara- 
tion of Brasehon and MeShan is 5 3 (/7) to 6 2 (67) times as active as 
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NIH-LH-Sl and is apparently unique among LH preparations in that it 
also contains an FSH component with a different electrophoretic mobility 
than the major equine FSH fraction. 

Human LH preparations demonstrate the highest LH activity. Prepara- 
tions 8.0 to 10.7 times more active than the NIH-LH-Sl standard have 
been reported (94, 97, 120). 

2. Physical Properties 

Molecular weight and isoelectric points of LH obtained from different 
species are shown in Table L The molecular weights are approximately 
30,000 for all species with the possible exception of equine and human 
LH which may be slightly larger. LH preparations are polymorphic (Sec- 
tion II,A,3) and generally demonstrate a broad range in isoelectric points. 
Table I shows that equine LH molecules which contain a relatively high 
content of sialic acid have a lower range of isoelectric points than ovine, 
bovine, and porcine LH which lack sialic acid. 

3. Carbohydrate Moiety 

The relatively high carbohydrate composition of equine LH (Table 11) 
is primarily attributable to sialic acid which is absent or found in low 
quantities in the LH of the other species. The high biological activity of 
equine LH may in part be attributable to its high sialic acid content. The 
plasma half-life of equine LH was reported to be 270 minutes following its 
administration into rats, whereas the plasma half-life of ovine LH was 
only 15 minutes (92). The carbohydrates of ovine, bovine, porcine, and 
human LH have been reported to be found in two heteropolysaccharide 
chains linked to the a subunit and one heleropolysacchan'de chain linked 
to the fi subunit (Figs. 1 and 2). 

4. Primary Structure 

The LH-rt subunits of ovine, porcine, and human LH contain 89-96 
amino acids (Fig. 1 ). The amino acid sequences of these three hormones 
are similar but not identical. Porcine LH-n lacks six amino acids found 
on the N-terminus of ovine LH-n and contains three additional amino acid 
substitutions. Human LH-a lacks seven amino acids found on the N-tenn- 
inus of ovine LH-a and contains 24 additional amino acid substitutions. 

Figure 2 shows the close agreement in amino acid sequences of the LH*/S 
subunits of four species. The LH-/3 subunits of ovine, bovine, and porcine 
LH contain 119 amino acid residues. The LH-^ subunil of human LH 
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TABLE n 

Carbohydrate Composition of LH, FSH, HCG, and PMSG 


Hormone Carbo- Carbohydrate composition m residues per mole 


species 

(%) 

Man-’ 

Gal 

Fuc 

GIuNAc GalNAc 

NANA Ref- 

LH 

Ovine 

13 0 

7.2* 

l.l 

1.6 

8.5 

3.4 

0 

57 

Bovine 

12 2 

9.0 

0 

1.6 

0 

10.0 

0 

57 

Porcine 

13 2 

8.4 

1.2 

1.5 

8.1 

3.0 

0 

57 

Equine 

23 6 

8.1 

6.2 

1.2 

9.0 

5.5 

8 5 

6! 

Human 

16 4 

8.3 

3.7 

2.0 

11.3 

1.9 

2 3 

57 

FSH 

Ovine 

23 9 

9.9 

5.1 

1.6 

14.2 

2.4 

6 3 

4^ 

Equine 

24 2 

10.7 

5 6 

2 1 

10.0 

4.4 

6 8 

6} 

Human 

25 9 

21.4' 


16 

9^ 

5 6 

99 

HCG 

29.0-30.3 

n.4 

12.1 

1 5 

16.4 

3.5 9, 

.5-10 9 

s; 

PMSG' 

44 4 

6.2 

20.2 

2 4 

18 3 

3 6 

9 4 

l6 


“ Abbreviations are as follows*, mannose, Man» galactose. Gal. fucose, Fuc, A^-acetylglti- 
cosaminc, GJuNAc, A^-aceljlgalactosaminc. GalNAc, sialic acid, NANA. 

* Residues per mole assuming the following molecular weights ovine, bovine, and porcine 
LH. 30,000 (57), equine LH, 34.000 (61), human LH. 34.000 (TO, ovine FSH. 33 000 
(///)*, equine FSH, 33,800 (/7); human FSH, 32,600 (/05), HCG. 37.700 (8/), PMSG, 
28.000(75). 

* Total hexosc. 

Total hexosamine. 

' PMSG also reported to contain 2.5 residues of glucose per mole ( 16) 

contains slightly fewer amino acid residues. The amino acid sequence of 
ovine LH-y8 reported by Liu et ai. (70) docs not differ from the sequence 
of bovine LH-)3 reported by Maghuin-Rogistcr and Hennen (73). The 
sequence of porcine LH-/? {73) differs from ovine LH-/? by only 15 amipo 
acid substitutions. The human LH-/? structure proposed by Shome and 
Parlow (775) contains 115 rather than 119 amino acid residues, and the 
single hetcropolysaccharidc unit is linked to the asparagine in the 30 posi- 
tion rather than in the 13 position as with the other LH-)3 subunits. Tliirty- 
seven residues of human LH-^ differ from those in identical positions 
within ovine LH-/?. The positions of the disulfide bonds and amido groups 
within both the a and /3 subunits of LH remain uncertain. 

C. FOLLICLE-STIMULATING HORMONE (FSH) 

Chemical and ph>siological studies of FSH lag behind those of LH and 
HCG primarily bccau'^c of the difficulties encountered in isolating FSH 
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and the relatively low yields of this hormone which are obtained. Prepara- 
tions of FSH sufficiently pure tor rigorous characterization have been re- 
ported only from sheep {111), horse (17), and human (P5, 101) 
pituitaries. Employing the procedure of Sherwood et al. {Ill), H. J. 
Grimek and B. C. Wentworth have recently isolated bovine FSH 
which is approximately 30 times as active as NIH-FSH-Sl (personal 
communication). 


1. Yields and Biological Activity 

Table I shows that the yields of highly purified pituitary FSH vary 
among species and tend to be lower than the yields of pituitary LH. 
The relative potency of FSH preparations is generally determined with the 
rat ovarian HCG augmentation bioassay and expressed in terms of the 
very impure ovine FSH preparation NIH-FSH-Sl. Available evidence 
indicates the ovine FSH preparation of Sherwood e! al. (Ill), reported to 
bo 133 times as active as NIH-FSH-SI, and the equine FSH preparation of 
Braselton and McShan (17), reported to be 90 times as active as NJH- 
FSH-Sl, are homogeneous. The human FSH preparations of Roos and 
Gemzell (101) and Peckham and Parlow (9S) are approximately 400 
times as active as NlH-FSH-Sl and are the most active FSH preparations 
reported. The differences in the abilities of these apparently homogeneous 
FSH preparations to stimulate ovarian growth in the rat makes it seem 
probable that there are variations in FSH molecular structure among differ- 
ent species. 

2. Physical Properties 

The molecular weights of ovine, equine, and human FSH are approxi- 
mately 32,000 (Table I). With the exception of the horse, isocicetrie 
points of FSH are considerably lower than those of LH from the same 
species (Table I). The relatively aeid nature of FSH is probably due to 
the presence of sialic acid which is not found in ovine or bovine LH and 
is present only in small amounts in human LH (Table 11). FSH does 
not generally demonstrate the broad electrophoretic polymorphism fre- 
quently seen with LH and HCG as demonstrated by the relatively narrow 
range of isoelectric points (Table 1). 

3. Carbohydrate Moiety 

Carbohydrates comprise about 25% of ovine, equine, and human FSH 
(Table 11). Sialic acid, not found in ovine LH, is present in ovine FSH; 
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and its enzymic removal renders ovine FSH inactive when tested by 
vivo bioassays (6S). The carbohydrates of human FSH have been re- 
ported to be found in four heleropolysaccharidc units, two linked to the 
a subunit and two linked to the p subunit (Figs. 1 and 2). 

4. Primary Structure 

The primary structures of human FSH-a (IN) and human FSH-/9 
(115) have been reported. Tlic a subunit of human FSH contains 89 
amino acids. The amino acid sequence of human FSH-fr docs not differ 
from that of human LH-« (Fig. 1). The amino acid sequence of human 
FSH-rt differs from that of HCG-rt by only three additional amino acids at 
the N-terminus of HCG-o:. The FSH-/? subunit contains 115 amino acids 
(Fig. 2). The amino acid sequence of the hormone specific ^ subunit of 
human FSH differs markedly from the /3 subunit of human LH. Human 
FSH-/3 contains only seven amino acids which are identical to those in the 
same positions within human LH-/5. In addition, human FSH-^ contains 
two heteropolysaccharide units at positions 7 and 24 rather than one 
position 13. 


D. HUMAN CHORIONIC GONADOTROPIN (HCG) 

Human chorionic gonadotropin (HCG) was discovered in human 
pregnancy urine by Aschheim and Zondek (4) in 1927. The site of syn- 
thesis of HCG is the syncytiotrophoblastic cells of the placenta. Levels 
of HCG in the urine rise to a maximum during the first 10 to 12 weeks 
of pregnancy and decline to a lower level during the last one-half of 
pregnancy. 


1. Biological Activity 

The biological properties of HCG are somewhat similar to those of LH; 
therefore, the rat ovarian ascorbic acid depletion and rat ventral prostate 
weight bioassays, commonly used to assay LH, are also used to determine 
the biological activity of HCG preparations. Biological activity is usually 
expressed relative to the 2nd international standard for HCG (2nd IRP- 
HCG) which contains one international unit (lU) per 0.001279 mg (57). 

Several laboratories (57) have employed commercial preparations of 
HCG containing 1500-3000 lU/mg as starting material from which 
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highly purified preparations of HCG containing 12,000-18,000 lU/mg 
have been obtained 


2 Physical Properties 

Human chorionic gonadotropin is somewhat larger than human LH 
and human FSH (Table I) A few sedimentation equilibrium analyses have 
indicated that the molecular weight of HCG is 40,000 or more {57) 
However, Mon {81), employing sedimentation equilibrium, obtained a 
molecular weight of 37,700, which is in excellent agreement with the 
molecular weight of 37,900 determined on the basis of the chemical 
composition of HCG (77. 20) 

The isoelectric point range of HCG shown in Table I is lower than 
that of human LH, primarily because of its relatively high siahc acid 
content (Table II) The microheterogeneity of HCG appears to be 
attributable to variations in sialic acid content among HCG molecules 
within highly purified HCG preparations (57) Graesslin et al {41) em- 
ployed isoelectric focusing to fractionate a preparation of highly purified 
HCG into five biologically active components The fraction with the high- 
est sialic acid content had the lowest isoelectric point at pH 3 8, and the 
fraction with the lowest sialic acid content had the highest isoelectric 
point at pH 5 1 


3 Carbohydrate Moiety 

Bahl (6) has proposed that human chorionic gonadotropin contains 
seven carbohydrate units which colicclivciy comprise approximately 30% 
of the weight of the molecule Four of the hcteropolj saccharide units con- 
sist of 10 to 15 monosaccharide residues These complex units arc Imbed 
to the polj peptide chain by W-acctylglucosaminyl-asparaginc linkages as 
described in Section II A,1 Bahl (<5) has proposed the tentative structures 

I and II (Fig 3) tor the monosaccharide sequences of these four com- 
plex carbohjdratc units According to Bahl, both of the carbohjdratc 
units m HCG-<t (Fig 1) base structure I, and the asparagmc-linkcd earbo- 
hydrate units m positions 13 and 30 of HCG-/? (Fig 2) liase structure 

II The three remaining small carbohydrate units arc composed of NANA- 
Gal G ilNAc and are linked by A'-acctylygalactosanunyl-scrinc linkages al 
positions 118, 129, and 131 of IICG-^ (Fig 2) 
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Fig. 3. Tentative structures suggested for the heteropolysaccharides of HCG (d)- 


4. Primary Structure 

The amino acid sequence of HCG-a proposed by Morgan et aL {80) is 
in agreement with the sequence proposed by Bellisario et al. {11) (PiS- 
1). The a subunit of HCG contains 92 amino acids and is identical to 
human LH-« with the exception of three additional amino acids on the 
N-terminus. The amino acid sequence of HCG-t* is also similar to those 
of ovine and porcine LH-a. Compared to ovine LH-a, HCG-a contains 
25 amino acid replacements. The two carbohydrate units within HCG-a 
are linked to asparagine residues homologous to those linking carbohydrate 
within ovine, porcine, and human LH-a and FSH-a. Figure 2 shows that 
the amino acid sequence of HCG-^ proposed by Carlsen et al. {20) is 
similar to that of ovine LH-^, porcine LH-/3, and human LH-jS but dis- 
similar to that of human FSH-;9. The subunit of HCG contains two 
structural features which are not found with LH-/3 or FSH-jS. There are 
28 additional amino acid residues on the C-terminus of HCG-/? which are 
not present on ovine LH-/? or the p subunits of the other gonadotropins. 
There are three additional carbohydrate units on HCG-^ which are linked 
to serine residues located al positions 118, 129, and 131. Morgan et al- 
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(SO) have proposed a primary structure of HCG-j8 which is similar to 
that of Carlsen et al. (20). Perhaps the most noteworthy difference is the 
presence of four rather than three carbohydrate units linked to serine 
residues near the C-terminus of the subunit. 


E. PREGNANT MARE SERUM GONADOTROPIN (PMSG) 

The discovery, levels of PMSG in the blood, and the source of this 
hormone are discussed in Chapter 15; the morphology of the endometrial 
cups is considered in Chapter 12. 

1. Biological Activity 

The most frequently used bioassay for PMSG is the rat ovarian weight 
bioassay described in Chapter 5. Biological activity is usually expressed 
relative to the 2nd international standard for PMSG which contains 1 lU 
per 0.003569 mg (7). Since the late 1950's several laboratories have re- 
ported techniques for the isolation of PMSG preparations containing high 
biological activity (56). Recently, Gospodarowicz (39) and Schams and 
Papkoff (107) have reported relatively simple techniques for the prepara- 
tion of PMSG with high biological potency. 

2. Physical Properties 

The molecular weight of PMSG remains uncertain. Bourrillon and Got 
(15) obtained a molecular weight of 28,000 for PMSG employing sedi- 
mentation analysis. However, size determinations by means of sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (39) suggest PMSG 
may have a molecular weight as high as 53,000. Papkoff (90) recently 
reported the dissociation of PMSG into n and p subunits which possessed 
very low biological activity. Recombination of these subunits restored 
both the FSH-like and LH-likc biological properties of PMSG. Bourrillon 
and Got (14) employed zone electrophoresis to obtain an isoelectric point 
of 1.8 for PMSG. 

3. Carbohydrate Moiety 

Table 11 shows the carbohydrate composition of PMSG as reported by 
Bourrillon ct al. (16). The carbohydrate content of PMSG is higher than 
that of the other gonadotropins, comprising nearly SOW of the sseight of 
the molecule. The sialic acid content of PMSG is liigh (16, 39) and .small 
quantities of glucose base been reported (56). 
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F. PROLACTIN 

1. Yields 

Preparations of prolactin sufficiently pure for characterization studies 
have been obtained from ovine {28)^ porcine {34), bovine {54), and 
human (55) pituitaries. The yields of human prolactin are approximately 
100 mg/kg frozen pituitary tissue (55), whereas the yields of ovine 
prolactin are as high as 4 gm/kg frozen pituitary tissue (67) . 

2. Physical Properties 

Ovine, bovine, porcine, and human prolactin have molecular weights of 
approximately 22,500. From the structure of ovine prolactin, the isoelectric 
point was calculated to be pH 5.1 (67) and the isoelectric point of porcine 
prolactin was experimentally determined to be pH 4.9 {34), 

3. Primary Structure 

The primary structures of ovine, bovine, and porcine prolactin arc shown 
in Fig. 4. Li (66. 67) has reported that ovine and porcine prolactin con- 
sist of a single chain which contains 198 amino acid residues and three 
intrachain disulfide linkages located between residues 4-11, 58-173, and 
190-198. As compared to ovine prolactin, there are 36 amino acid replace- 
ments in the amino acid sequence of porcine prolactin. The primary struc- 
ture of bovine prolactin proposed by Wallis (124) differs only slightly from 
that proposed for ovine prolactin. Bovine prolactin contains an additional 
leucine at position 88 and two amino acid replacements at positions com- 
parable to residues 107 and 164 of ovine prolactin. Niall et al. {86) have 
determined the sequence of the first 40 N-termi'nal ammo acids of hunran 
prolactin; as compared to ovine prolactin, there are only 9 amino acid 
substitutions. 


III. Physiological Characteristics of Gonadotropins 
A. GENERAL REMARKS 

Several advances on biochemical aspects of gonadotropic hormone 
research have accelerated the progress of studies on the physiological 
characteristics of the gonadotropins. Two advances which appear particu- 
larly noteworthy are the following: (a) Highly purified preparations of 
gonadotropic hormones which have met rigorous biological and physico- 
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chemical criteria of purity arc now available. Tlic interpretation of physio- 
logical studies with these gonadotropins need not be qualified on the basis 
of possible significant contamination, (b) Specific and sensitive radioim- 
munoassays for the gonadotropic hormones and the gonadal steroids have 
been developed so that the scrum levels of these hormones can now be 
readily measured under a variety of physiological conditions. 

The pituitary gonadotropins LH and FSH differ physiologically as well 
as chemically. The physiological properties which arc unique to each of 
these gonadotropins form the basis of the specific bioassays which are used 
to determine the degree of purity or level of cross-contamination of LH 
and FSH preparations. In spite of these difTcrences in their biological 
properties, there are some physiological events such as luteinization, ovula- 
tion, and steroidogenesis which can be initiated by either LH or FSH. 
Therefore, caution must be exercised in the assignment of specific physio- 
logical characteristics to LH and FSH. It appears probable that under 
physiological conditions both LH and FSH arc utilized simultaneously or 
sequentially to obtain a given response. When considering the in vivo 
physiological characteristics of the gonadotropins, attention should also 
be given to the widely differing plasma half-lives of these hormones. In 
the rat, the plasma half-life of biologically active endogenous LH averaged 
30 minutes, whereas that of endogenous FSH averaged 149 minutes {12)- 
The plasma half-lives of HCG and PMSG after exogenous administration 
into rats were determined to be 4.9 and 26 hours, respectively {91). The 
relatively long plasma. half-lives of HCG and PMSG are thought to be 
attributable to their relatively high sialic acid contents (Table 11). 

The pattern of gonadotropic hormones secreted throughout the estrous 
cycle in mammals is in general agreement with that of the ewe (Fig. 5). I* 
is characterized by a sharp rise and fall in the levels of both LH and FSH 
just before ovulation. The release of this so-called “preovulatoiy surge” of 
both LH and FSH from the anterior pituitary gland appears to be brought 
about by a decapeptide which is produced in the hypothalamus. Scbally 
and his co-workers (5) determined the structure of this LH- and FSH- 
releasing hormone (LH-RH and FSH-RH) to be (pyro)GIu-His-Trp-Ser- 

Tyr-Gly-Leu-Arg-Pro-GIyCNHj). 


B. LUTEINIZING HORMONE (LH) OR INTERSTITIAL CELL 
STIMULATING HORMONE (ICSH) 

1. Physiology of LH In the Female 

The reader is referred to Grecnwald {44) for a more extensive review of 
the role of LH and FSH in follicular development and ovulation. The role 
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Fig. 5. BIooU levels of gonadotropic and steroid hormones and ovarian blood 
flow throughout the esirous cycle of the e\\c 

of LH in the transformation of a growing follicle to a fully developed 
vesicular follicle under normal physiological conditions remains uncer- 
tain. Administration of highly purified preparations of LH into hypophy- 
scclomizcd female rats stimulates the development of interstitial tissue 
without bringing about marked growth of vesicular follicles {27, 109, 110). 
It has been suggested that LH may be necessary' to complement the actions 
of FSH in the development of vesicular follicles {44), However, the 
administration of low doses of highly purified ovine FSH, apparently 
devoid of LH, caused the development of vesicular follicles in hypophy* 
scctomizcd female rats {109). 

Both the LH and FSH present in the preovulatory surge of gonado^ 
tropins, shown in Fig. 5, probably play a role in the initiation of ovulation. 
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Nuti ct al. (89) induced ovulation in ovine FSH-primed immaiurc 
hypophj'scclomizcd female rats with either highly purified ovine FSH or 
highly purified ovine LH. LH may be the principle ovulafoiy hormone. 
The induction of ovulation in ovine FSH-primed immature hypophyscc- 
lomized female rats required 1.28 pg of highly purified ovine LH, whereas 
8 /tg of highly purified ovine FSH were required (89). Schwartz et a!. 
(108) blocked ovulation in rats with antisera to ovine LH, whereas anti- 
sera to ovine FSH did not block ovulation. There is considerable evidence, 
however, that FSH may also play a role in ovulation. Goldman and 
Mahesh (58) blocked ovulation in the hamster by administering a crude 
antiserum to LH shortly before the anticipated time of ovulation. The 
removal of FSH antibodies from this crude LH antiserum reduced its 
ability to block ovulation, thereby indicating that FSH may also be in- 
volved in ovulation. Jones and Nalbandov (55) administered ovine LH 
(N1H-LH-S15) or ovine FSH (NIH-FSH-S6) or combinations of these 
gonadotropins by both systemic injections or direct injections into the 
lumen of antral follicles of rabbits. With both techniques they found that 
LH and FSH individually caused ovulation. However, when combinations 
of LH and FSH were injected, synergism of the two hormones appeared 
to occur. The total doses of the combined hormones required to obtain 
the maximal ovulation rate were much lower than those required for either 
hormone when they were administered individually. Nalbandov and Bahr 
(84) have concluded that although LH or FSH can wdividoally “force” 
ovulation, under physiological conditions ovulation occurs most readily 
when both hormones are present. They have suggested that the preovula- 
tory surge of LH and FSH should be regarded as an “ovulation-inducing 
hormone” complex. 

For a more comprehensive discussion of the role of gonadotropins in 
the initiation and maintenance of luteal function, the reader is referred 
to the reviews by Nalbandov (85) and NicoJl (87). Both LH and FSH 
probably play a role in the initiation of luleinization Evidence supporting 
the role of FSH is described later in this chapter (Section JlI.C.l). Evi- 
dence supporting the role of LH in the initiation of luteinization is as fol- 
lows. When granulosa cells of evened rabbit Graafian follicles were in- 
cubated with ovine LH (N1H-LH-S14) and then autotransplanted beneath 
the kidney capsule, they developed into corpora lutea (77). Intrafollicular 
injection of 1 ng of LH (NIH-LH-S16) into rabbit Graafian follicles in- 
duced luteinization (55). Binding studies with porcine granulosa cells 
(25) have led to the conclusion that granulosa cells of large preo\iilatoo' 
follicles have a much greater capacity to bind LH than granulosa cells 
from small follicles. 

The requirements for the maintenance of luteal function differ among 
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species (S3, S7). In general, the function of luteal cells under physiological 
conditions requires a gonadotropin complex which consists of various 
combinations of LH, FSH, and prolactin. The roles of FSH and prolactin 
are discussed later in this chapter (Sections III,C,1 and III,F,I). LH 
maintains the luteal cells and promotes progesterone secretion in several 
species (3). Continuous intravenous infusion of ovine LH into intact nor- 
mal ewes starting the twelfth day after heat prolonged the life-span of the 
corpora lutea and increased progesterone secretion (58). Normal morpho- 
logical appearance and progesterone secretion required LH when bovine 
luteal cells were incubated in vitro (40). Injection of ovine LH (NIH- 
LH-S16) into rabbit vesicular follicles increased progesterone secretion 
by 1000% within 5 minutes (84). Radioautographic studies (48) strongly 
suggest that the plasma membrane of luteal cells and thecal cells contain 
binding sites which are specific for LH. 

2. Physiology of LH in the Male 

The role of the gonadotropins in testicular function has recently been 
reviewed by Steinberger and Steinberger (118) and Nicoll (87). The 
prevalent view has long been that the testes secrete androgens in response 
to stimulation by LH. Although LH probably plays the dominant role, 
there is increasing evidence which indicates that FSH (Section III,C,2) 
and prolactin (Section II1,F,2) may also stimulate testicular steroidogenesis. 

LH stimulates androgen production by the testis both in vivo (33) and 
in vitro (22). Several recent studies support the long-held view that it is 
the interstitial cells (Leydig cells) of the testis which secrete androgens 
in response to LH. Aoki and Massa (2) showed that administration of 
LH induced changes in the ultrastructure of testicular Leydig cells which 
were seemingly related to secretory activity. Following LH administration, 
there was an expansion of the Golgi complex and rough endoplasmic 
reticulum and a marked depletion of lipid droplets. Radioautographic (SO) 
and immunohistological (2!) studies following in vivo hormone adminis- 
tration led to the conclusion that the interstitial cells are the major silo of 
localization of LH within the rat testes. Radioiodinated human LH bound 
with high allinity to a rat interstitial cell preparation but not to a semi- 
niferous tubule preparation following m vitro incubation (22). The speci- 
ficity of the interstitial cell binding sites for LH is confined to LH and 
structurally similar HCG (22). 

These high-affinity interstitial cell binding sites have been used as 
specific binding agents in radioligand-receptor assay .systems which may be 
used for LH or HCG (22). These assays are somewhat more sensitive and 
precise than conventional bioassays. The receptor assays may also have 
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more biological relevance than the extremely sensitive radioimmunoassa)’s 
since only that portion of the hormone molecule which normally interacts 
with the receptor is “recognized” by (he interstitial cell binding sites. Dufau 
et at. (32) have employed testosterone production by collagcnasc»disperscd 
intcrstftiaf cells of the rat testis as the response in an /// vitro bioassay for 
LH. This bioassay is sufficiently sensitive to permit measurement of the 
low levels of circulating gonadotropins in human plasma. 


C. FOLLICLE-STIMULATING HORMONE (FSH) 

1. Physiology of FSH in the Female 

TTic transformation of growing ovarian follicles into Graafian follicles 
appears to require gonadotropin stimulation considerably before an antrum 
is formed (44, 7S). The prevalent view that /foi/i FSH and LH are 
required for the transformation of a growing follicle to a preovulatory 
follicle and subsequent estrogen secretion by the theca (44) now seems 
unlikely. Recent studies suggest that FSH alone is sufficient for complcl® 
development of the follicle. Null et al. (59) reported that the administration 
of low doses of highly purified ovine FSH brought about complete 
development of preovulatory vesicular follicles and increased serum estro- 
gen levels in hypophysectomized female rats. Although FSH alone appears 
sufficient to stimulate the complete development of ovarian vesicular 
follicles, it is likely that under physiological conditions both FSH and 
LH play a role in follicular development (44). Kraiem and Samuels (59) 
found that FSH alone brought about a slight increase in several enzymes 
involved in steroid biosynthesis in the mouse ovary. However, FSH plus 
LH was more effective in increasing the levels of these enzymes. 

Several recent studies suggest FSH effects upon the ovary are mediated 
primarily through the granulosa cells. Radioautographic studies of topically 
applied gonadotropins led Zeleznik et al. (129) to conclude that specific 
binding of radioiodinated human FSH was confined to the granulosa cells 
of rat ovarian follicles which were developed beyond the primary follicle 
stage. These workers have suggested that FSH may bring about the matu- 
ration of granulosa cells in order that follicles may respond to the endog- 
enous LH which is secreted during the estrous cycle. Radioautograpbic 
studies of ovaries of immature 25~day-oId rats showed that HCG binding 
(presumptive LH receptors) was confined to thecal and interstitial cells- 
Following two days of priming with highly purified rat FSH, HCG, binding 
was also observed in the granulosa cells. In addition, 3^-hydroxysteroid 
dehydrogenase activity required for conversion of pregnenolone to pro- 
gesterone appeared in the ovarian granulosa cells following FSH stimula- 
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tion. Zeleznik et ah {129) suggested that the appearance of the presumptive 
LH receptors and 3/3-liydroxysteroid dehydrogenase activity in the stimu- 
lated granulosa cells may indicate the initiation of lutcinization of these 
cells. The results of the studies of Zeleznik et ah (129) are consistent 
with the earlier observation of Channing and Kammerman (23) that 
granulosa cells obtained from large porcine follicles have a higher capacity 
for binding LH than granulosa cells harvested from small follicles (Section 
llI.B.l). 

Hardy et ai. (50) examined the ultrastructural changes in mouse ovaries 
deprived of FSH and found that the most striking morphological feature 
was the diminished width and irregular appearance of the zona pellucida 
which separates the granulosa cells from the ovum. The physiological 
significance of this observation is uncertain. 

The principal role of the preovulatory surge of LH (Fig. 5) is generally 
believed to be the induction of ovulation; however, the function of the 
concomitant surge of FSH remains unclear. This FSH surge may be an 
important part of an “ovulation-inducing hormone” complex (Section 
HI,B,!), may stimulate the growth and maturation of future generations 
of follicles (44), or both. 

Luteinization of the granulosa cells and subsequent secretion of proges- 
terone is generally thought to be caused primarily by LH; however, it 
appears that FSH is also capable of initiating granulosa cell luteinization. 
Hypophysectomized immature rats, which were injected for four days with 
highly purified ovine FSH followed by an ovulatory dose of ovine FSH, 
had elevated plasma progesterone concentrations which did not differ from 
those of rats which had received an ovulatory dose of ovine LH (89). 
Following the intrafollicular injection of low doses of ovine FSH (NIH- 
FSH-S6), rabbit Graafian follicles luteinized (84). The ovarian output of 
estradiol increased approximately 300% within 20 minutes while the 
output of progesterone inereased 1000% within 5 minutes of FSH 
administration. 

Available evidence indicates that FSH is probably not required for the 
maintenance of luteal function in all mammalian species, but Grcenwald 
has reported that FSH and prolactin are required to maintain the corpora 
liitca in the hamster (43). Channing (25) demonstrated that low doses of 
highly purified human FSH maintained monkey granulosa cells in the 
luteinized state for at least 1 6 days in vitro. 

2. Physiology of FSH in the Male 

Immunohistological and radioautopraphic studies showed that FSH 
localized primarily in the Sertoli cells within the seminiferous tubules of 
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the testes (118). Binding studies support these results since cell prepara- 
tions from seminiferous tubules bound radiolabeled highly purified human 
FSH (76), whereas interstitial cells bound little of this hormone. 

Available evidence indicates FSH is necessary for the final steps of 
spermatid maturation (H5). Recent advances have provided some in- 
sight into the probable role of FSH in this maturation process. Hansson 
et al. {49) have postulated that FSH stimulates the Sertoli cells to produce 
and secrete an androgen-binding protein (ABP), which increases the bind- 
ing and accumulation of androgens within the seminiferous tubules. They 
further suggested that ABP might serve to concentrate androgens for the 
androgen-dependent germinal epithelium and also increase the amount 
of androgen transported within testicular fluid to the androgen-dependent 
caput epididymis. 

The long-held view that LH but not FSH stimulates the testes to pro- 
duce androgens does not appear to be accurate. Sheivvood ef al. (II H 
demonstrated that low doses of highly purified ovine FSH stimulated the 
growth of the androgen-dependent ventral prostates and seminal vesicles of 
immature hypophysectomized male rats as effectively as the standard LH 
preparation NIH-LH-Sl. This LH-like activity is not due to LH contamh 
nation. The enzymic removal of sialic acid, a procedure which inactivates 
FSH but not LH, destroys the ability of the ovine FSH preparation to 
stimulate both the ovaries and male accessory glands (46). This obser^'a* 
tion indicates that the ventral prostate bioassay used to measure LH is not 
specific for LH. 

The sites of FSH-dependent androgen biosynthesis have not been clari- 
fied. There is some evidence that the Sertoli cells secrete androgens. Lacy 
and Pettitt (60) found that human seminiferous tubule preparations in* 
cubated in vitro produced testosterone and that the Sertoli cells within 
these preparations contained the morphological features required for 
steroid biosynthesis. 

D. HUMAN CHORIONIC GONADOTROPIN (HCG) 

1. Physiological Effects of HCG in the Female 

The structure of HCG is very similar to LH; therefore, as might be 
expected many of the physiological characteristics of HCG are similar to 
those of LH. Human chorionic gonadotropin stimulates the interstitial cells 
of the ovary, causes ovulation, brings about luteinization of the granulosa 
cells, maintains the functional life of the corpus luteum, and increases 
progestin secretion from luteinized cells (24, 27, 85). Human chorionic 
gonadotropin, like LH, augments the action of FSH on ovarian growth; 
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this augmentation is used in the relatively sensitive and specific HCG- 
augmentation bioassay for FSH which is described in Chapter 5. 

In addition, HCG apparently has slight FSH-like activity. Administration 
of relatively high doses of HCG to rats causes growth of ovarian follicles 
(27). 

In the human, HCG prolongs the life-span of the functional corpus 
luteum during early pregnancy and stimulates the corpus luteum to secrete 
the progestins which are required to maintain the uterine endometrium. 
Hirono et al. (51) have shown that HCG acts directly on the median 
eminence to inhibit secretion of LH/FSH-releasing hormone and have 
suggested that HCG may inhibit ovulation during pregnancy in the human. 

Radioiodinated ’=H-HCG is widely used for radioautographic studies of 
the cellular localization of HCG or LH receptors (96) and also for the 
study of HCG and LH interactions with both ovarian (dj) and testicular 
(22) receptors. Radioiodinated HCG has been reported to have a 
greater binding affinity for HCG (LH) receptors and to be more stable 
than radiolabeled human LH preparations (22). In addition, radiolabeled 
HCG apparently retains its biological activity (22). 

The sites of action of HCG (LH) appear to vary with the stage of 
development of the ovary. Radioautographic studies of the ovaries of im- 
mature rats showed HCG bound predominantly to interstitial cells with 
more limited binding to thecal cells (129). Following stimulation of 
follicle growth with FSH, HCG binding was observed in the granulosa 
cells (129). In pseudopregnant rats HCG is predominantly localized in 
the luteal cells (96). 

2. Physiological Effects of PMSG in the Male 

Human chorionic gonadotropin stimulates the interstitial cells of the 
testes to secrete androgens. As previously mentioned (Section 111,8,2), the 
interstitial cell binding sites have been used as specific binding agents in 
radioligand-receptor assay systems for HCG (22). Testosterone production 
of dispersed interstitial cells from rat testes is employed as the response 
in an in vitro bioassay for HCG and LH. This assay is sufficiently sensitive 
to detect 2 pg of HCG (32). 


E. PREGNANT MARE SEBUM GONADOTROPIN (PMSG) 

1. Physiological Effects of PMSG in the Female 

PMSG has physiological characteristics similar to both LH and FSH. 
LH-likc characteristics include stimulation of ovarian interstitial cells, in- 
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duction of ovulation, and lutcinization of granulosa cells (79, 27). Like 
FSH, PMSG is a potent stimulator of ovarian growth and increases the 
levels of estradiol in the blood. The administration of a single high dose 
of PMSG (50 lU) to immature female rats caused a greater than tenfold 
increase in ovarian weight within 72 hours (112). The administration of a 
relatively low dose of PMSG (2.5-20 lU) caused ovulation and mating 
behavior in immature rats (27, 125). Wilson et at. (125) have recently 
found that the timing and pattern of changes of peripheral plasma con- 
centrations of estradiol, progesterone, and LH in PMSG-primed immature 
female rats are similar to those seen in cycling adult rats before ovulation. 
The clTcctiveness of a single injection of PMSG appears attributable to iJs 
long plasma half-life which has been reported to be 26 hours in the rat 

(97). 

A single injection of PMSG followed approximately 65 hours later by a 
single injection of HCG induces a slate of pseudopregnancy in immature 
female rats. The large heavily luteinized ovaries obtained with this gonado- 
tropin “priming” are employed for the ovarian ascorbic acid dcplctjon 
bioassay for LH and the luteal cell homogenate protein binding assay for 
LH described in Chapter 5. 

2. Physiological Effects of PMSG in the Male 

Daily treatment of intact immature rats with large doses of PMSG (32 
lU) stimulates the development of interstitial tissue and accessory glands 
(27). 

F. PROLACTIN 

1. Physiology of Prolactin In the Female 

For a detailed recent review of the gonadotropic and antigonadotropic 
effects of prolactin, the reader is referred to Nicoll (57). The influence 
of prolactin on the gonads is complex and remains poorly understood. 

Prolactin has been reported to constitute part of the luteotropic com- 
plex required for the maintenance of the corpus luteum of several species 
including rats (55), rabbits (116), hamsters (42), cattle (70), and sheep 
(31). In most species the complex consists of prolactin and LH; however, 
in the hamster, prolactin and FSH are apparently required (43). In some 
species, including primates, the role of prolactin in luteal function seems 
doubtful. 

Prolactin also has antigonadotropic effects in the rat. Surprisingly, pro- 
lactin appears to be luieolytic as well as luieotrophic in the rat (126). P 
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1. introduction 

The nervous s}stem is involved to varying degrees m almost every as- 
pect of the physiology of reproduction Reflexes integrated at various levels 
of the nervous system are involved in sperm transport, parturition, and 
lactation Copulation itself is made up of a senes of reflexes and reaction 
patterns integrated m a coordinated whole, and sexual behavior is mani- 
festly a subject for psychological and neurophysiological investigation 
Another major aspect of neural invohement is the regulation by the brain 
of gonadal function through hypothalamic regulation of anterior pituitary' 
gonadotropin secretion The brain exercises a controlling influence on the 
amount and type of pituitary gonadotropic hormones liberated into the 
Circulation The hormones act on the gonads to bring about, in both sexes, 
the state of readiness in the reproductive organs and the maturation of 
the germ cells necessary for successful procreation 

* This chapter contains prcMously unpublished data from research supported b> 
USPHS Gram AM06704 
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Such preparation would, of course, be in vain if it were not associated, 
in both sexes, with appropriate sexual behavior. This behavior is known 
to be dependent on an adequate level of circulating gonadal steroids. 
Thus, the gonads are involved in a kind of “feedback” mechanism. The 
brain controls the secretion of the gonadotropins; the gonadal hormones 
are secreted in response to stimulation by these tropic hormones; and the 
gonadal secretions act back on the brain to initiate the behavior necessai) 
for successful reproductive performance. 

The brain not only regulates gonadotropin secretion in adulthood but 
it also is responsible for the timing and coordination of the increase m 
the secretion of the gonadotropins that brings about sexual maturation- 
There is evidence that puberty occurs when the brain becomes less sensi- 
tive to the feedback effects of gonadal steroids. 

The actions of gonadal hormones on the brain have also been sho«^ 
to play a key role in the development and differentiation of hypothalamic 
function. In rats, both the adult pattern of gonadotropin secretion and 
sexual behavior depend on the pattern of sex steroid secretion during i0‘ 
fancy, and in other species hormones exert similar inductive effects during 
fetal life. Thus, brain-endocrine interrelations determine the development 
and sexual differentiation of the individual as well as reproductive capaciO 
once sexual maturity has been attained. 

The role of the nen'ous system in several reproductive processes ana 
various aspects of brain-endocrine interactions are discussed elsewhem 
in this treatise. Neural mechanisms involved in parturition are discussed 
in Chapter 13 and the neuroendocrine reflex responsible for oxytocin- 
induced milk letdown is described in Chapter 14. TTie pronounced effects 
of light and the ancillar)’ effects of other environmental stimuli on gonado- 
tropin secretion are discussed in Chapter 22. In the present chapter, the 
basic neural substrates of copulation are briefly considered, and attention 
is focused on the brain-gonad relationship in adulthood, the mechanisms 
regulating the onset of puberty, and the inductive effects of sex steroids 
on the brain early in life. 

To keep this chapter as short as possible, emphasis has been placed 
on reviews rather than original papers as references. Additional references 
to original work published before 1969 can be found in the two prerious 
editions of this chapter { 36 . 38 ). 


n. Neural Substrates of Mating Behavior 

Mating behavior may legitimately be divided into two components, 
includes, first, actWity consequent to the urge to copulatc-ihc interest m 
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or drive to sexual congress. Second, it includes the act of copulation itself- 
Sexual interest and the instinctual mating drive basic to the preservation of 
the species depend on neural circuits in the limbic lobe of the brain and hypo- 
thalamus { 3 , 44 ). Copulation itself is made up of a collection of reflexes 
and reaction patterns, including erection, the necessary postural adjust- 
ments, the pelvic thrusts in the male, the lordotic adjustment of the pelvis 
in the female, ejaculation, and orgasm. 

The reflex arcs and centers in the nervous system controlling the motor 
patterns of the sexual act have been studied in considerable detail. It is 
known, for instance, that most of the postural adjustments for coitus in 
both the male and female are integrated at the spinal level (7). In do^s 
with spinal cord transections, stimulation of the genitalia leads to erection 
and pelvic thrusts in males, and perineal stimulation produces elevation 
of the pelvis in the females. 

Erection may be initiated in humans by purely psychic stimuli, but the 
reaction is primarily a reflex one, initiated by genital stimulation and irt- 
tegrated in the sacral segments of the spinal cord. The efferent pathway 
is parasympathetic. The motor fibers pass to the genitalia in a relatively 
well-defined bundle, and since these fibers are also involved in ejaculation, 
the bundle has come to be called the “nervus erigens.” The vascular en- 
gorgement responsible for erection is produced in part by closure of the 
so-called small sluice channels within the corpora cavernosa, but the main 
factor involved is arterial dilatation with consequent compression of the 
venous drainage { 37 ). 

m by sViTnvAtiboTi \be gratis, ade- 

quate stimulus being gentle friction and the efferent pathway, the internal 
pudendal nerve. It is appropriately divided into two parts, emission and 
ejaculation proper { 37 ). The first event, emission, is the delivery of semen 
into the urethra. It is primarily a sympathetic response integrated in the 
upper lumbar segments of the spinal cord and produced by the impulse? 
that reach the smooth muscle of the vas deferens and associated organ? 
via fibers in the hypogastric plexus. Ejaculation proper follows emission 
and is the expulsion of the seminal fluid from the urethra. This response 
is primarily parasympathetic, but it also involves a contraction of somatic 
musculature, particularly the bulbocavcrnosus muscles, which aids the 
expulsion. It is integrated in the upper sacral and lower lumbar portion 
of the spinal cord, and the motor fibers pass through the internal pudendal 
nerves and the nervus crigens. Ejaculation can still occur after sympa- 
thectomy, or treatment with drugs which block sympathetic discharge, but 
because there is no contraction of the musculature around the bladder 
neck, the ejaculate usually spills into the bladder. 

Genital and other changes occurring during intercourse in human fc- 



52 WILLIAM F. GANONC 


males have been studied in considerable detail {66'). Orgasm regularly 
occurs in less than one-half of the female population. When it does, there 
are rhythmic contractions of the vaginal wall. Impulses also travel via the 
pudendal nerves and produce rhythmic contractions of the bulbocaver- 
nosus and other pelvic muscles. The contractions may aid sperm transport, 
but are clearly not essential for it. 

Uterine contractions may occur in response to a spinal reflex during 
coitus in the female. A neuroendocrine reflex involving the posterior pi- 
tuitary may also be involved. There is considerable evidence that genital 
stimulation during coitus initiates reflex release of oxytocin from the 
posterior pituitary (33). Some investigators have argued that the oxytocin 
acts on the uterus to initiate a series of contractions which facilitate the 
transport of sperm from the vagina lo the fallopian tubes. However, there 
are great variations in the rate of sperm transport in different mammalian 
species, and Fitzpatrick (32) concludes, after a thorough review of this 
subject, that there is no proof that oxytocin secretion is an essential 
physiological component in mating. 


in. Regulation of the Secretion of Pituitary Gonadotropins 
by the Nervous System 

A. THE MECHANISM BY WHICH THE NERVOUS SYSTEM 
REGULATES PITUITARY SECRETION 

Many lines of evidence indicate that the brain regulates gonadotropin 
secretion. Sexual cycles in animals are correlated with changes in the sea- 
sons, an observation which is difhcuU to explain except in terms of the 
intermediation of the nervous system between the environment and the 
endocrine system. Temperature and rainfall changes may be responsible 
in part for seasonal variations, but in birds and mammals fluctuation ir* 
the incident light is the major environmental factor involved (see Chapter 
22). In certain mammalian species (c.g., the cat, the rabbit, the ferrett 
and the mink) ovulation occurs only after copulation, and this reflex ovu- 
lation has been shown to occur in response to afferent stimuli that con- 
verge on the hypothalamus from the genitalia, the eyes, the nose, an 
other organs (19). Gonadal abnormalities arc seen in humans with brain 
pathology. Several detailed studies of the endocrine findings in brain dis- 
ease (2. 5. 76) make it clear that amenorrhea, hypogonadism and, 
natively, precocious puberty are relatively common complications of dis- 
ease processes involving the hypothalamus. 

The cfTccts of hypothalamic disease in humans have been duplicated 
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by experimental lesions in laboratory animals. Gonadal atrophy and in- 
hibition of gonadotropin secretion have been obser\'ed following hypo- 
thalamic lesions in rats, cats, dogs, monkeys, sheep, and a variety of 
other species (24). The other pituitary' hormones are under neural con- 
trol as well. Thus, at least as far as these hormones and the hormones 
of their target glands are concerned, the endocrine system can be regarded 
as one of the effector arms of the nervous system (37). 

The possibility that the hypothalamic control of the anterior pituitaiy 
is exerted via nerve fibers to the gland deserves mention. There are sym- 
pathetic nerve fibers from the superior cervical ganglia which reach the 
anterior lobe along blood vessels. Parasympathetic fibers also reach the 
gland by way of the greater superficial petrosal nerve. However, complete 
sympathectomy does not prevent ovulation in the rabbit or pregnancy in 
other species {48'). Similarly, there is little evidence for and considerable 
evidence against the parasympathetic supply to the anterior lobe being of 
significance in the control of hormone secretion. Simple section of the 
pituitary stalk in female laboratory animals, provided it does not infarct 
the pituitary or interfere with its revascularization by the portal vessels, 
permits a return of normal estrous cycles in a relatively short period of 
time. This interval is too short a period for regeneration of nerve fibers, 
if such regeneration can, indeed, be expected to occur from the hypo- 
thalamus. Thus, it is unlikely that the nerve fibers to the adenohypophy- 
sis play any important role in the control of its secretory function. 

There is, however, a unique vascular connection between the brain and 
the anterior pituitary. The blood supply to the hypothalamus and pituitary 
in mammals is derived from the carotid arteries and the circle of Willis, 
the anastomotic arterial ring at the base of the brain. Branches of these 
vessels form capillary loops which penetrate the median eminence (ven- 
tral portion of the hypothalamus overlying the pituitary) and the posterior 
pituitary. From these loops, the blood is channeled into sinusoidal portal 
vessels which pass down the pituitarj' stalk and end in capillaries in the 
anterior pituitary (Fig, 1). The portal vessels that originate from the 
median eminence are referred to as “long portal vessels” and those that 
originate from the ncurohypophysis are referred to as “short portal ves- 
sels.” The hypophyseal portal system is a true portal system that begins 
and ends in capillaries without going through the heart, and it provides a 
direct vascular pathway between the brain and the anterior pituitary gland. 

The hypophyseal portal sy.slcm is a constant anatomical feature in 
higher vertebrates {48). There was originally some confusion about the 
direction of blood flow in it, but direct observations in amphibians, rats, 
and ducks indicate that most if not all of the flow is from the brain to the 
piluitar)' (.23, 97). In many species of mammals and in all birds studied, 
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Fig. I. Hypophyseal portal vessels. Left: Sagittal section of the hypothalamus 
showing a branch of the anterior hypophyseal artery (Aha) breal.ing up into capiUaO' 
loops which penetrate the median eminence. The loops drain into the portal vessels 
(Pv) that end in capillaries in the anterior pituitary. Ch, optic chiasm; S, supraoptic 
nucleus; P, paraventricular nucleus; Af. mammillary bodies; III VENT, third sen* 
Iricle- Right: detail of capillary loops penetrating the median eminence. From 
Ganong (J7). 


the portal vessels provide essentially all the blood supply reaching the 
anterior lobe (23). The importance of vascular connections to the hypo* 
thalamus in the control of anterior pituitary secretion is demonstrated by 
the effects of cutting the normal connections between the pituitary and the 
hypothalamus. The portal vessels have a marked tendency to regrow (32), 
but it regrowth is prevented by the insertion of a plate of inert material 
between the hypothalamus and the pituitary, stalk section causes a marked 
decrease in FSH and LH secretion and an increase in prolactin secretion. 
Pituitary transplants “take” particularly well in the anterior chamber of 
the eye and under the capsule of the kidney. Such transplants are gener- 
ally associated with marked gonadal atrophy. If the pituitary is retrans- 
planted back to the median eminence region, the portal vessels regrow and 
there is a recrudesence of gonadal function. In animals with lran.splants 
remote from the hypothalamus, there is some return of gonadal function 
after relatively long periods of lime. However, this does not mean that the 
anterior pituitary tissue is secreting autonomously, since the moderate rate 
of gonadotropin secretion in such animals is reduced by implants of testos- 
terone in the ventral hypothalamus (94). Instead, the data indicate that 
anterior pituitary’ secretion is controlled by substances secreted by the 
hypothalamus into the blood stream. 

Additional proof of the accuracy of the hypothesis that the anterior 
pituitary is controlled by blood-bomc humoral agents is the extraction 
from hypothalamic and neurohypophyseal tissue of substances which 
modify anterior pituitary secretion. To date, eight of these hypothalamic 
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hormones have been identified (Fig. 2). Corticotropin-releasing hormone 
(CRH) regulates ACTH secretion; thyrotropin-releasing hormone (TRH) 
regulates TSH secretion; luteinizing hormone-releasing hormone (LRH) 
regulates LH secretion; and follicle-stimulating hormone-releasing hor- 
mone (FRH) , together with LRH, regulates FSH secretion. The secretion 
of growth hormone and the secretion of prolactin are under dual control, 
the former being regulated by growth hormone-releasing hormone (GRH) 
and growth hormone-inhibiting hormone (GIH), whereas the latter is 
regulated by prolactin-releasing hormone (PRH) and prolactin-inhibiting 
hormone (PIH). 

The structure of three of the hypothalamic hormones has been deter- 
mined and they have been synthesized. TRH is a tripeptide, LRH is a 
decapeptide, and GIH, which is also called somatostatin, is a tetradeca- 
peptide (37, lOJ), PIH may well be the catecholamine dopamine (69), 
but the others are probably polypeptides 

The availability of synthetic hypothalamic hormones has made it pos- 
sible to produce antibodies to the hormones and use these antibodies to 
localize the hormones in brain tissue by immunocytochemical techniques. 
LRH and somatostatin are both localized in neurons that end in the 
external layer of the median eminence (105). Both are found in dis- 
tinctive populations of intracellular secretory granules, the LRH granules 
(42, SO) being slightly larger than the somatostatin granules (79; 



Ho, Z. Diagrnmmatjc stmimarj of fhc ncwroNasctifar control of the anterior 
pituitary. Control is exerted by the hvpothjiamic hormones secreted b> ner\c 
endmps in the hypothalamus into the bloodstream and carried Ma the portal xessels 
to the anterior pituitary. For abbreviations, sec text. 
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P. Goldsniilh and W. Ganong, unpublKhcd,. '* 

.here is some LR.i in 'i, X LRH- 

of this observation is uncertain {105). ' ‘ uelcus and 

secreting neurons are probably located ,n part in ^ p„b- 

nreontiXrca. The ceil bodies of the somatostalin-sccreting cJI I 
Ly located in the ventromedial, arcuate, and medial P'‘-'°P ;.;Xy 

Xir exact location is unknown. TRlJ-sccrcting 

located in the anterior and dorsal ;;yP<>'h“'»"'“';=:Xflh localization is 
rons in the ventromedial nucleus, but the evidence for s 
llreet (/5). There is FRH activity in ’pXiXX. 

stimulates the secretion of FSH as -11 as LH there may 

present to say if the activity is due to FRH or LRH. Inue 

be only one gonadotropin-regulating '■yP°'''='™'XmXnd' PIH are dis- 
cver, there is evidence for a separate FRH (07). 1 RH anu 

‘'“mal’Xgulales the secretion of the '’°|'"“""-®''‘;X"inadsTXS>' 

hormones of the anterior pituitary, adrenal cortex. 

feed back to inhibit and. in some instances. ventral 

the neurons. Impulses in the neural p.athways that ® X trans- 

hypothalamus also play an important role. The ^ dopamine, 

mWers found in the median eminence '"'If' "“['f "‘P^X'a’riouXmino 

serotonin, acetylcholine, raminobutyric aeid ^BA) and var 

acids (J5): it appears that most if not all of these substa 

terior pituitary function (55). Epinephrine is also present in the yP 

thalamus (see below). fluorcs- 

A major recent advance made possible by the discovery • 
cence technique for visualizing monoamines in tissue . .,dne, 

delineation of systems of neurons m the brain that secrete n P 
dopamine, and epinephrine {51. 100). The "'""''''""S'v nearons^^^.^^ 
their cell bodies in the locus ccrulcus and other portions of the 
and their axons project to all parts of the brain and ^pmal co . 
neurons that innervate the ventral hypothalamus have 
bodies in the medulla oblongata (75) and reach the 
the ventral noradrenergic bundle. There are several systeins o P |,Ed 
gic neurons in the brain, but the one that is the most diredly c 
with endocrine function is the tuberoinfundibular system. Cell 
the tuberoinfundibular neurons are located in the arcuate nuc 
adjacent periventricular area, and their axons terminate in t e 
layer of the median eminence on or near the capillaries that 
form the hypophyseal portal vessels. The cell bodies of ® 

, containing neurons arc located in the raphe nuclei of 'P' 
their axons project to the limbic system and other parts of the 
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When serotonin-containing pathways were mapped with the fluorescence 
technique, relatively few fibers were visualized entering the ventral hypo- 
thalamus. However, more recent experiments indicate the presence of 
a prominent serotonergic innervation of the suprachiasmatic nuclei, and 
there is a relatively large amount of serotonin in the median eminence 
(/5). Epinephrine-containing neurons have been visualized by immuno- 
fluorescence techniques utilizing antibodies to phenylethanolamine-iV- 
methyl transferase, the enzyme that converts norepinephrine to epinephrine. 
They have their cell bodies in the medulla oblongata and project to the hypo- 
thalamus (57). There are relatively few of these fibers, but the fact that 
they terminate in the hypothalamus suggests that they may play a role in 
the regulation of endocrine function. 

Cholinergic pathways to the hypothalamus have not as yet been map- 
ped in detail, and the morphology of the neurons that secrete GABA and 
the other amino acid neurotransmitters in the ventral hypothalamus is 
unknown. However, the availability of an immunocytochemical technique 
for localizing glutamic acid decarboxylase, the enzyme that catalyzes the 
formation of GABA (P(?), and work on the development of techniques 
for similar localization of the enzymes involved in the formation of acetyl- 
choline make it likely that these pathways will be mapped in the near 
future. 

B. CONTROL OF GONADOTROPIN SECRETION IN THE MALE 

When considering the regulation of gonadotropin secretion, the differ- 
ence in the pattern of secretion between the two sexes makes it necessary 
to discuss the male and female separately. In adult males, the rates of 
FSH and LH secretion are more or less constant {24). In females, there 
is also steady secretion, but superimposed on this there is a cyclic in- 
crease, or burst of LH and FSH secretion that brings about ovulation. 

Lesions in the posterior tubcral region that damage the arcuate nuclei 
(Fig. 3) have been shown to produce testicular atrophy in a number of 
difTcrent species. This atrophy is diffuse, and is associated with atrophy 
of the prostate, decreased sperm counts, and decreased secretion of LH 
and FSH (24). 

Lesions wliich selectively inhibit FSH secretion might be expected to 
produce selective atrophy of the seminiferous tubules and inhibition of 
spermatogenesis without any change in the Lcydig cells. Tubular atrophy 
with apparent maintenance of the Lc>dig cells has been reported in a 
few dogs and rats with lesions, but this combination has not been a con- 
sistent or reproducible finding. Androgen secretion in response to LH 
stimulation of the Lesdig cells is capable of maintaining spermatogenesis 
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Fig. 3. Site of lesions which produce testicular atrophy and. presumably, inhibi' 
tion of FSH and LH secretion in males. The striped area is the area commotr to 
lesions producing testicular atrophy in a series of male dogs. Ml. massa I'ntramMia- 
MB, mammillary bodies; PL. posterior lobe; AL, anterior lobe; OC, optic chiasm, 
III VENT, third ventricle. From Davidson and Ganong (26). 


at or near normal levels in the absence of the pituitary (96), and this 
may explain the lack of consistent results. However, there is no cJear-cut 
evidence for a center in the brain ir\ males that alTecls FSH secretion with* 
out affecting LH secretion. There is also no good evidence for a discrete 
brain center concerned with the selective regulation of LH secretion in 
males. 

In males, castration leads to an increase in circulating FSH and L 
and to an increase in pituitary gonadotropin content in some species 
In castrate animals and humans, doses of androgen which produce bio 
androgen levels in the physiological range decrease circulating LH 
However, the nature of the testicular substance that inhibits FSH 
tion is debated. Androgens do not decrease pituitary FSH content an 
large doses are needed to inhibit FSH secretion. In certain humans wit 
marked atrophy of the seminiferous tubules but normal Leydig cdlS’ 
FSH secretion is elevated (75). This suggests that the FSH-inhibIting 
substance is a product of the seminiferous tubules. It may be estrogen 
secreted by the Sertoli cells (2-/), but it may also be “inhibin,” another 
putative hormonal product of the seminiferous tubules (34, 78). 

The site at which androgens act to inhibit FSH and LH secretion ap” 
pears to be the median eminence, although they may act at the pituitary 
level as well (24). Lesions in the posterior tuberal region of the median 
eminence in male dogs prevent the increase in pituitary FSH and LH con- 
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tent normally produced by castration and local implantation of androgen 
m the median eminence of male dogs produces testicular atrophy Bog- 
danovc ( 13 ) has argued that in this and other implantation experiments, 
one cannot rule out diffusion of the implanted steroid into the portal 
vessels and consequent action on the pituitary itself However, Smith and 
Davidson ( 94 ) ha\e presented evidence for a hypothalamic site of action 
which IS difhcuU to refute They studied hypophysectomized rats with 
pituitary transplants, in which testicular function had been maintained 
When testosterone was implanted in the median eminence of these ani- 
mals, testicular atrophy resulted Control implants of cholesterol had no 
effect The effect of implants could not have been due to a systemic ab- 
sorption of the testosterone, since the accessory reproductive organs were 
not stimulated 

Support for the concept of a relatively autonomous gonadotropin- 
regulating center in the ventral hypothalamus comes from the studies of 
Halasz and his associates ( 47 ), who developed a technique for cutting 
all the nerve connections to (he median eminence-arcuate region This 
leaves an isolated island of ventral hypothalamic tissue m an otherwise 
intact animal Following the operation m adult male rats, testicular weight 
and histology are maintained at normal levels 

The observations on the regulation of gonadotropin secretion in males 
are thus consistent with the view that there is a single hypothalamic reg- 
ulatory area m or near the arcuate nucleus that is concerned with regula- 
tion of FSH and LH secretion Androgens acting on this region inhibit 
LH secretion, and in adults, this negative feedback mechanism plus the 
mechanism regulating FSH secretion maintain the steady-state secretion 
of gonadotropins that is necessary for normal testicular function 

C CONTROL OF GONADOTROPIN SECRETION IN THE FEMALE 

As noted above, the female resembles the male in maintaining a tonic 
secretion of LH and FSH regulated largely by negative feedback, but 
differs in having superimposed on the tonic control cyclic bursts of LH 
secretion that trigger ovulation (Fig 4) In spontaneous!} ovulating spe- 
cies, these bursts occur at regular intervals characteristic of the species 
A surge of FSH secretion occurs at the same time, and in rats, but not 
in humans, there is also a mtdcyclc increase in prolactin secretion Estro- 
gen secretion rises during the follicular phase of the menstrual or estrous 
cycle, with a peak at the time of the LH surge (Fig 4) It then falls but 
rises again during the luteal phase of the cycle Progesterone secretion is 
low throughout the follicular phase and rises during the luteal phase The 
secretion of estrogen and progesterone both fall htc m the luteal phase as 
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Fio. 4. Plasma concentrations of LH, FSH. estradiol, and progesterone througho^ 
the normal menstrual cycle m Rhesus monke)^. Values are normaliied to the ^ 
of the midcyclc LH peak From Knobil (59). 


the corpus luteum regresses (luteoij'sis). Finally, a new follicle starts to 
grow and a new cycle commences. 

Evidence that the mediobasal hypothalamus mediates the tonic secre- 
tion of FSH and LH comes from the obser\'ation that lesions of the arcu 
ate nucleus produce diHuse ovarian atrophy. In addition, isolation of t c 
mediobasal hypothalamus from all other neural connections to the rest o 
the brain does not alter the ionic secretion of FSH and LH ( 47 ). On 
the other hand, section of the pituitary stalk causes ovarian atrophy (4 )• 
It is now clear that in spontaneously cycling mammals, the ovulatory 
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surge of LH secretion is triggered by the rise in circulating estrogen during 
the follicular phase of the cycle. Perhaps the most convincing evidence 
for this conclusion is the observation that prevention of the estrogen in- 
crease by administration of antibodies prevents the burst from occurring 
(SI). No surges comparable to the ovulating bursts of LH secretion 
occur in ovariectomized animals without hormone treatment, and such 
increases can be produced in ovariectomized animals by injecting estro- 
gen. Knobil and his associates have worked out in considerable detail the 
characteristics of estrogen stimulation in the monkey (59). The first effect 
of an injection of estrogen or the absorption of estrogen from a silastic 
implant is negative feedback with a decrease in circulating LH. However, 
if the plasma estrogen concentration e.xeeeds 100 pg/ml and remains at 
this level for 36 hours, a burst of LH secretion is triggered. An estrogen 
rise of this magnitude occurs late in the follicular phase of the menstrual 
cycle in the monkey (Fig. 4). Tlie increase in circulating LH then stim- 
ulates the secretion of estrogen, but estrogen secretion declines to low 
levels as soon as ovulation has occurred. The reason for the decline is 
unknown. 

The negative feedback effect of estrogen on LH and FSH secretion ap- 
pears to be exerted on the ventral hypothalamus, although it is difficult 
to rule out a direct action on the pituitary as well. Ovarian atrophy is 
produced by implants of estrogen in the median eminence, and estrogens 
and androgens produce changes in hypothalamic LRH and FRH activity 
(71, 82). Estrogen also acts on the brain more rostrally, in the supra- 
chiasmatic area, to trigger cstrous behavior (49). The location of these 
two sites of estrogen action in the rat are shown in Fig. 5. 



Yifi. 5. Sties al which cslrofcns act on the hlpolhahamtis Cslrntliol implants in 
the infunillhnlar region (shmlcd nre.i) inhibil ponadolropin sccrclion. producing 
osari.m atrophj, uhcrc.as eslr.idiol imphints ahosc Ihc oplic chnsm (slnped nrc.l) 
induce eslrotis heh.iMor. Prom G.nni>ng (37). 
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In the rat, the part of the hypothalamus concerned with the cyclic 
burst of LH and FSH secretion can be separated from the area concerned 
with tonic secretion of the gonadotropins. This was clearly demonstrated 
by Halasz and his associates, who showed that knife cuts separating the 
preoptic area from the mediobasal hypothalamus abolished ovarian cycles 
and produced a state of constant vaginal cornification (47). Lesions m 
the preoptic, suprachiasmatic, and related anterior hypothalamic areas 
produce a similar condition in rats and guinea pigs (3S). The ovaries of 
these animals become full of follicles, but no ovulation occurs and no 
corpora lutea are seen. The vaginal epithelium becomes cornified and 
remains in that state. The condition produced by the lesions has been 
called the “constant estrus syndrome.” The term is unfortunate since the 
“estrus” is confined to the vagina; the rats do not mate. The term ‘ con- 
stant vaginal cornification syndrome” seems more appropriate. Enough 
estrogen is being secreted to maintain the uterus and cornify the vaginal 
mucosa. FSH and LH are secreted, since FSH is necessary for follicular 
development and LH is necessary for estrogen secretion from the follicles. 
The follicles are capable of ovulation since injections of LH promptly 
bring about luteinization. However, endogenous LH is not secreted m 
sufficient amounts to produce ovulation. 

The lesions in the suprachiasmatic and preoptic area which produce the 
constant vaginal cornification syndrome appear to exert their effects 
through the basal arcuate area, since basal lesions block ovulation even 
before ovarian atrophy has a chance to develop (33), Thus, the arcuate 
nucleus, the nerve endings that secrete LRH, and the portal vessels fo^tn 
a final common pathway lo the pituitary from the hypothalamus. 

It is worth noting that a variety of other procedures produce the con- 
stant vaginal cornification syndrome, apparently by acting on the anterior 
hypothalamic LH regulating region, it can be produced, for example, hy 
constant exposure to light (27). It also appears when female rats reach 
adulthood if they are injected with androgen in infancy (see Section V)- 

The situation in the monkey is different from the rat. In this species, 
knife cuts that create hypothalamic islands containing only the median 
eminence and the supraoptic, ventromedial, aVeuate, and premammillnty 
nuclei are associated with regular menstrual, cycles (64). On the other 
hand, stalk section in the monkey produces gonadal atrophy and injection 
of antibodies to LRH causes gonadotropin secretion to decrease promptly 
to low levels (68), so the mediobasal hypothalamus and LRH secretion 
arc necessary for both the tome and the phasic secretion of gonadotropins 
by the pituitary. 

Where docs estrogen act to stimulate the midcycic burst of LH secre- 
tion? The simplest hypothesis W'ould be that the LH burst is due to a 
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midcycle increase in LRH secretion, and that the site of the positive feed- 
back of estrogen is the hypothalamus. Presumably, the feedback site in 
the rat would be the prcoptic area or its environs, whereas the feedback 
site in monkeys would be located in the mediobasal hypothalamus. Evi- 
dence favoring this hypothesis is the recent observation that there is a 
distinct increase in the LRH content of hypophyseal portal blood in mon- 
keys at the time of the LH surge (/7)- However, this does not prove 
that estrogen acts on the hypothalamus and there is a definite increase 
in pituitary sensitivity to LRH at (he time of the LH surge. The literature 
on the direct effects of estrogen on pituitary responsiveness to LRH is 
confusing (53, 59), and additional research is needed to work out the 
details of the mechanism triggering the LH surge. 

Impulses in afferent pathways converging on the hypothalamus trigger 
the ovulation-producing increases in LH secretion in animals that ovulate 
after copulation (M). In spontaneously ovulating species, the effects of 
light and other environmental stimuli on reproductive function (Chapter 
22) indicate that in these animals impulses in afferents from sense organs 
also affect gonadotropin secretion. In rabbits, ovulation can be produced 
by stimulation of the uterine cervix with a glass rod. However, genital 
stimulation is not essential for ovulation since this occurs following coitus 
after local anesthesia of the vagina and neighboring regions. Ovulation 
can also occur after a great variety of sensory receptors have been de- 
stroyed. Neither removal of the olfactory bulbs nor destruction of the 
vestibular apparatus and cochlea by themselves block copulation-induced 
ovulation. Blinding is also ineffective. In cats, which also ovulate only 
after coitus, complete sympathectomy does not alter the response. It ap- 
pears probable, therefore, that many stimuli converge on the hypothala- 
mus and that no single afferent pathway is essential for LH release. 

In rats, lesions just above the optic chiasm block the production of 
constant vaginal cornificalion by exposure to constant light ( 21 ). This 
raises the possibility that the inhibitory influence of light on the ovulation- 
producing release of LH might be mediated by pathways that leave the 
optic chiasm and enter the hypothalamus at this location. In ferrets, 
which can be brought into cstrus in the winter by exposure to extra light, 
the effect of light is mediated via the optic nerves as far as the hypothala- 
mus. However, interruption of the optic pathways beyond the hypothala- 
mus has no effect on the response to light ( 18 ). This also suggests the 
existence of a direct rctinohypothalamic pathway, although an effect via 
the accessory optic tracts is also a possibility. TIic existence of such a 
pathway has now been clearly demonstrated (50). In birds, light not only 
acts by way of the eye, but also penetrates the .skull and appears to exert 
a direct effect on the dicnccphalon or the piluitar>' to increase gonado- 
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tropin secretion (4). The eyes are certainly the major receptors in mam- 
mals, but light does penetrate to the region of the dicncephalon in rats, 
rabbits, dogs, and sheep (39). 

The limbic system also sends afferents to the gonadotropin-regulating 
centers in the hypothalamus. Stimulation of the amygdala produces LH 
release and ovulation in two reflexly ovulating species, the rabbit and the 
cat (for references, see 38 ). It also produces ovulation in rats with the 
constant vaginal cornification syndrome produced by constant illumina- 
tion, and stimulation of the septum has a similar effect. However, lesions 
of the septum and amygdala in rabbits do not affect reproductive be- 
havior or copulation-induced ovulation, and the role of the amygdala m 
normal physiological control of gonadotropin secretion remains uncertain. 

Progesterone has an inhibitory effect on LH secretion. This effect is 
shared by a variety of synthetic derivatives of progesterone, and is the 
basis of the worldwide use of orally active progestational agents as oral 
contraceptives. Basal LH secretion Is relatively well-maintained dunng 
oral contraceptive therapy, but there is no LH surge at midcycle. ThP 
inhibitory effect appears to be exerted on the hypothalamus but an addi- 
tional action directly on the pituitary is also a possibility (33). In nion- 
keys progesterone also prevents estrogen from inducing an LH surge ( 59 )- 
The impulses that trigger the midcycle surge of LH secretion in r^ts 
appear to be adrenergic. It was originally thought that dopamine was the 
mediator (5S) but the results on which this conclusion were based have 
not been confirmed and considerable evidence has accumulated indicating 
that norepinephrine is the mediator at the endings converging on the nna 
common path in the ventral hypothalamus (92). For example, stimuls* 
lion of the preoptic area in rats produces an increase in LH secretion 
that is prevented by drugs that disrupt noradrenergic transmission, but 
is unaffected by drugs that disrupt dopaminergic transmission (56). The 
receptors on which the norepinephrine acts appear to be a-adrenergic 
receptors. It has been known for a long time that drugs which deplete 
catecholamines and block n-adrenergic receptors in the central nerrous 
system prevent ovulation ( 91 ). In addition, ovulation can be initiated 
with norepinephrine in animals with anterior hypothalamic lesions 
and there is evidence that the increase in circulating LH following ovan- 
ectomy (74) and the LH surge Ihat triggers ovulation (57) are depea- 
dent on intact noradrenergic transmission in the central nervous system. 

The situation in the monkey is quite different in that drugs "hich 
modify noradrenergic transmission regularly fail to block ovulation or the 
positive feedback response to injected estrogen (59). However, the cate- 
cholamines arc not without effect because they are necessary’ for circhoral 
oscillations in LH secretion lo occur. Circhoral oscillations are the regular 



3. NERVOUS SYSTEM IN REPRODUCTIVE PROCESSES 65 


fluctuations in the high plasma LH level observed 2 or more weeks after 
ovariectomy. They occur at intervals of approximately 1 hour, and are 
promptly abolished by injections of estrogen. They also occur in rats, and 
in both species they are unaffected by section of the afferent connections 
to the mediobasal hypothalamus (9, 59). However, it appears that they 
arc generated in nervous tissue because if the isolated pituitary is super- 
fused with constant amounts of LRH the output of LH is steady rather 
than rhythmic (77). It has also been demonstrated that the ctrchoral 
oscillations are apparently due to pulsatile secretion of LRH (77) and 
cannot be explained by a “short-loop” feedback of LH on its own secre- 
tion (59, 92). 

The circhoral oscillations are depressed and the mean LH level is re- 
duced by injection of n-adrenergic-blocking drugs in monkeys (7). In 
rats, they are also sensitive to drugs that prevent noradrenergic trans- 
mission. On the other hand, stimulation of dopaminergic receptors seems 
to inhibit the oscillations (28). 


0. CONTROL OF PROLACTIN SECRETION 

Prolactin has received considerable attention in recent years. Although 
bovine and other nonprimate prolactins have been isolated and their 
structure determined (65), it has been difficult to separate prolactin from 
growth hormone in primates. Furthermore, synthetic human growth hor- 
mone has innate lactogenic activity. At one point, it was even suggested 
that there was no separate prolactin in primates However, primate pro- 
lactin has now been isolated and partially characterized, and immuno- 
assays have been developed for human and monkey prolactin (55). These 
and other immunoassays have made it possible to investigate the details of 
the regulation of prolactin secretion. 

In all mammals, prolactin secretion is tonically inhibited by the nervous 
system Lesions of the median eminence, separation of the hypothalamus 
from the pituitary by section of the pituitary stalk, and transplantation of 
the pituitary to a site distant from the hypothalamus arc all associated 
with an increase in prolactin secretion (30). Hypothalamic extracts con- 
tain a substance that inhibits prolactin secretion (PIH) but they also 
appear to contain a PRH (69). 

Stressful stimuli and exercise increase prolactin secretion. There is a 
diurnal rhythm in prolactin secretion in humans, with an increase during 
sleep. The sleep increase is prolonged, reaching a peak 5-7 hours after 
sleep onset. Prolactin secretion increases during pregnancy and falls dur- 
ing die postpartum period if the young do not nurse. Estrogens increase 
prolaclin secretion. Suckling or artificial stimulation of the nipple pro- 
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duces a prompt, marked increase 

see 35, 38). Nonlactating women when suckled by mfa ■ ^ 

mary gland development and lactation. Suckling of '''[S'" j nancy. 

Lte^litters results in the induction of lactat, on and pseudopreg^^^^ 

The relation of prolactin to lactation is discussed in more 

‘"ir^ome species, increased prolactin secretion P^“^^XS"or 

can be induced by copulation with a steri e “ “d by 
electrical stimulation of the cervix (,30, 38). Prolactin p > 
role in the development of pseudoprcpancy. ^,_^ng 

Visual and tactile stimulation such as '“'"S S facilitates 

in the nest may lead to prolactin release in b^ds The prolae 
subsequent incubation, crop sac development, and broo > 
ring doves and domestic pigeons. Prolactin release in P for 

and environmental changes has also been suggested W be respons 
premigratory deposition of fat in passerine species “f birds 

Prolactin secretion is decreased by drugs whteh increase the rele«^^^ 
dopamine in the central nervous system, and its yc^kjng 

stimulated by drugs which block dopaminergic receptors. Such ^ 

agents include pimozide and the phenothiazme '"nquihzeR. 
chlorpromazine and perphenazine. The fact that the >“b“ ^^jnence 
dopaminergic neurons end on the portal vessels in the m sfcLeod 

raises the possibility that dopamine acts directly on the 
and his associates (69) have found that dopamine can ‘""'b'' 
tion of prolactin from the pituitary gland m vitro in amoun 
probably in the physiological range. Furthermore, infusion o P 
directly in the portal vessels inhibits prolactin secretion (9o)- 
Can the prolactin-inhibiting activity of hypothalamic ^ 

plained by their dopamine content? Shaar and Clemens ( ) 

sented evidence that they can. They found that treatment of hypo 
extracts with monoamine oxidase abolishes their PIH activity, 
moval of catecholamines from the extracts by absorption on ^ 3 se 

abolishes their PIH activity, and that inhibitors of monoamine o 
potentiate the PIH activity of the extracts. On the other hand, 
some evidence for a noncatecholaminergic PIH (29), and dopanii 
not yet been detected with certainty in hypophyseal portal bloo • . 

sequently, although there is considerable evidence that dopamine se 
into the portal vessels by the luberoinfundibular dopaminergic ^ 

could be a physiological PIH, and possibly the only PIH, definitive p 
of this hypothesis is not yet available. 

It has also been established that prrxedures and drugs that 
discharge of serotoninergic neurons in the brain increase prolactin 



3. NERVOUS SYSTEM IN REPRODUCTIVE PROCESSES 67 


tion (60). There is a relatively large amount of serotonin in the median 
eminence (75), but it does not appear that serotonin acts directly on the 
anterior pituitary to increase prolactin secretion (5). In addition, it docs 
not appear that the effect of serotonin on prolactin secretion is mediated 
by way of dopamine. For example, the increase in prolactin secretion 
produced by suckling is mediated via scroloninergic neurons, and suckling 
docs not produce a rapid, primary increase in dopamine metabolism in 
the hypothalamus (102). Thus, it appears that serotonin stimulates the 
secretion of PRH. 

The chemical nature of PRH is presently unknown. TRH stimulates 
prolactin secretion (Wl) and this stimulation is very marked in some 
species. However, suckling and other stimuli that increase prolactin se<^re- 
tion do not simultaneously increase TRH secretion, so it appears there is 
a PRH in addition to TRH. 

The mechanism regulating prolactin secretion in birds is different from 
that in mammals (63). It is interesting that hypothalamic extracts from 
birds stimulate rather than inhibit the release of prolactin in vitro. Hypo- 
thalamic extracts from parent pigeons actively secreting crop milk have 
been shown to be more effective in stimulating prolactin release by pigeon 
pituitaries than extracts from young pigeons having no crop gland 
stimulation. 

There is some information about the afferent paths to the hypothalamus 
that are involved in the regulation of prolactin secretion Lesions of the 
reticular formation in the brain stem inhibit lactation (5). This effect may 
be due to inteTTUption of the indV ejection refiex (see Chapter 14), btit 
the possibility that such lesions also reduce the prolactin response to 
suckling should be considered. There is, in addition, evidence that olfac- 
tory nerve stimulation can inhibit prolactin secretion. This may be the 
basis of the “Bruce effect,” the interruption of pregnancy that occurs in 
mice exposed to a cage recently occupied by a male mouse of another 
strain (16). 


IV. Regulation of the Onset of Puberty by the Nervous 
System 

In addition to the part it plays in the endocrine and behavioral aspects 
of reproduction, the brain is involved in the initiation of puberty. Pre- 
cocious puberty occurs in children with tumors or infections of the dicn- 
cephalon (54). The sc.xual development in these children includes sper- 
matogenesis in the male and ovulation in the female, and is normal jn 
all respects except its liming. Tlius, it is a “true” precocious puberty, and 
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diflers from “pscudoprecocious puberty," the condition 
d ry sexual ch'^rac.erisOes develop wi.hou. \ 

to excessive secretion of gonadal s.erotds verv' 

as ovarian and adrenal tumors. True sexual S' ^ . ,5 

young children, and c,ascs of regular menstruation m 2-> ear-old g 

'’=^:Sr:ors have also been reported to cause P— 
humans {54). For unlmown reasons, P^““''>' " ^.^ociated 

tumors is found almost exclusively in males It of 

with lesions that destroy the pineal body, but P'"^ ' ^ ,hcir 

their anatomical position, also compress the hypothalamus . 

moM complete experimental studies of the -eba;]- 
the onset of puberty have been carried out in rats -7 L 
cies, the vaginal canal does not become patent until the tun P 
In some rats, the vaginal smear is estrous when gening , „„ 

in others the first cstrus occurs 1-2 day^ later. The 
of vaginal opening is about 35 days. In male rats, t 
mature and sperm heads appear in the “"’'"'/"“j;® ‘ ^out 50 
days of age. Motile sperms appear later and puberty occurs 

days o! age (/2). . not due to 

The failure of puberty to occur earlier in female rats « ” . ,j„ess 

unresponsiveness of the tissues to gonadal steroids, or to “’’''“P 
of the gonads to gonadotropins. Ovaries of imiriature of 

in the adult manner when transplanted into adults and mj 
gonadotropins after the age of 20 days can cause ovulation an 
luteum formation. Precocious vaginal opening and comifica 1 
vaginal epithelium can also be produced by injections can 

The phuilaries of immature animals contain gonadotropins, an ^ 
be released by appropriate hypothalamic-releasing factors, 
cocious puberty can be produced by injection of hypothalamic e ^ 
(40). In addition, the phuilaries of immature animals are 
supporting normal estrous cy’cles when transplanted under the h>p 
mus in hypophyseclomized adult female rats (52 ) . ^ 'nc 

Changes in plasma gonadotropins, prolactin, and estrogens dun 
ual maturation have now been analyzed in considerable detail, pa ic 
in the female rat (Fig. 6). Plasma prolactin is low early in life an 
the day before vaginal opening (55, 703). FSH secretion starts ^ 
at approximately 10 days of age and plasma FSH concentration is 
high at 15 days of age (67). It falls steadily thereafter, reaching 
level by the time of the onset of puberty. Plasma LH is relatne) 
throughout (Fig. 6), although some authors report irregular burs 
LH secretion from the tenth to the twentieth day of age (62). 
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Fig. 6. Plasma conccnirations of FSH. LH. prolactin, and “estradiol” in female 
rats of various ages. "Estradiol” is the material that reacts in a radioinmninoissay 
for estradiol, as reported by Rabh and Ganong FSH values from Kragt and 

Dahlgrcn {61), LH values from Rabii and Ganong (S-/), and prolactin values from 
Rabii (S3). 


Twenty-four hours after ovaricctomi, there is no increase in plasma 
gonadotropin conccnlralion at the age of 5 clays, but there is a brisk rise 
at 10 dajs, indicating the presence of negative feedback. There is a very 
large increase at 15 days of age. Tltcrcaficr. there is a steady decline in 
the increment produced by ovariectomy, and the increase produced m 
adulthood is only about one-half that prcxluccd at 15 da)s of age 

It has reccmlv been shown that the plasma of immature rats contains 
quantities of a suhst.mcc that cross-rcacis with estradiol in the immt/no- 
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assays usually used for this steroid (70. 84 0^^" Z 

a moderate reduction in the plasma ““'"f i';' “iso been 

it is ahsent from the blood of ovanectonuzed b 

adrenalectomized. It does not appear to be a b'oloE'e^ly “ 
because adrenalectomy plus ovaneetomy i„,/gical sig- 

inerease in plasma LH than °™"" Jfo put changes 

nilicance of the substance is unknown. It “',‘™'‘,i„^o„ical per- 

in gonadotropin and “estradiol" secretion LH tnd FSH 

spective because estrogen levels are low in children, a LH^ 
secretion remain low until just before puberty ( ). 

animals are too spotty to permit a detailed oompar. on to ihe r^ 
the human. However, it does seem ‘bat gonadotropi ^ 

of being secreted in sexually immature female rats, and 

they are not. , not to 

The failure of puberty to occur at a younger age also pp 
be due to a deficiency of hypothalamic-releasing bomones o 
way by which they are transported to the pituitary. The LRH 
tiol in the hypothalamic tissue of 25.day-old rats is =■.* Ef ‘ as 

adult female rats (86), and FRH is present in ! fetal 

early at 10 days of age (61). Hypothalamic P'^’^'. capillary 

tats at about 21 days of gestation, and the median eminence V 
network is nearly complete by the fifth day after birth 

Evidence that the brain is involved in the control ‘b' ^ , ,c„ic 

berty in female rats is provided by the observation that byP ‘b. 
lesions accelerate its onset by 4 to 5 days. Anterior hypothalami 
were first reported to have this effect (22), but some of th 
may have produced the precocious onset of the constant vagina .y 

tion syndrome (see Section III, C) rather than true precocious p 
with regular cycles. Precocious puberty is also produced by lesion 
tuberal region that involve the arcuate nuclei. j. 

Decreased illumination slows the onset of puberty, while increas 
accelerates it (22). Light is known to affect the secretion of gona 
pins, presumably via the nerve fibers that leave the optic chiasm an 
the suprachiasmatic nuclei (50). The limbic system also may play 
role in the regulation of puberty, since lesions in the amygdala have 
reported to hasten puberty (22). However, Bloch and Ganong ( 
others (5S) have been unable to confirm this observation. 
claimed in the past that the effects of lesions are nonspecific and t 
stress can produce acceleration of the onset of puberty. However, e 
in many portions of the nervous system other than the amygdaa,^ 
anterior hypothalamus and the tuberal region have been reporte 
without effect on the onset of puberty (27) . 
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The question of the role of the pineal body on the regulation of pu- 
berty (see 38 for references) is still debated because of reports that mela- 
tonin, the putative hormone of the pineal gland, decreases the frequency 
of estrous smears in rats exposed to constant light. However, melatonin 
has little if any effect on the onset of puberty when administered to im- 
mature rats. It has been claimed that serotonin, which is also present 
in large quantities in the pineal, antagonizes the action of exogenous 
gonadotropins on the ovaries of immature rats, but it has also been 
claimed that serotonin slows (he onset of puberty when injected directly 
into the hypothalamus. In addition, no consistent, reproducible accelera- 
tion of the onset of puberty has been produced by pinealectomy, and in 
the absence of such an effect, it is difficult to argue that the pineal has 
any important role in the regulation of sexual maturation. 

The accelerating effect of hypothalamic lesions on puberty in rats sug- 
gests the presence of some sort of hypothalamic mechanism that tonically 
inhibits gonadotropin secretion in immature animals. However, no inhibi- 
tory substances could be identified in hypothalamic extracts prepared 
from the brains of immature animals (40; R. Gellert and W. Ganong, un- 
published). Lesions in brain tissue have zones of irritation aiound them 
(59), and it is possible that the lesions produce stimulation of the surround- 
ing normal arcuate nucleus with the premature discharge of releasing hor- 
mones into the portal circulation. 

Considerable attention has been focused on the role of feedback mech- 
anisms in the control of the onset of puberty. Tlie exact amount of cir- 
culating estrogen in immature female rats is uncertain because of the 
adrenal “estrogen” that is measured in the immunoassays (see above). 
However, the increase in plasma LH produced by ovariectomy and the 
decrease produced by a given blood level of estradiol are greater before 
than after puberty (22, 84). It has therefore been suggested that small 
amounts of gonadal steroids hold gonadotropic hormone secretion in 
check before puberty, and that puberty is due to a decline in hypo- 
thalamic sensitivity to the negative feedback action of the steroids. Bloch 
and Davidson (JO) produced accelerated growth of the testes and acces- 
sory reproductive organs in immature male rats by implantation of an 
anliandrogcn in the median eminence. Anlicstrogcns have been reported 
to produce accelerated vaginal opening as well as precocious ovulation in 
30-day-old rats (20). The data on hypothalamic lesions causing pre- 
cocious puberty could be explained by the feedback sensitivity hypothesis 
if the lesions destroyed part of the neural region responsible for negative 
feedback inhibition. However, (he decline in the feedback sensitivity of 
the hypothalamus appears to start at about 15 da)s of age (see above), 
while precocious puberty docs not occur until 30-35 dajs of age. In addi- 
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uon, the results of several experiments are f ^ImsG 

hypothesis. For example, production of ovulat o y J 
(pregnant mare serum gonadotropin) in mimaturc rats PP J 
to a^'direct stimulatory effect of the ^ ’'’.^"rgina, bul it 

has a similar effect; it not only acts direct y to 0P=" ‘ ® ,iy due 

causes true precocious puberty («5). 

to an action on the brain, since it can be produced Dy p 

estrogen in the hypothalamus (95). nmduce clear-cut 

In contrast to the female, it has not been poss.ble 
precocious puberty in male rats with hypothalamic lesio ^ 

40 days for sperm to develop from spermatogonia in the r^ 
be difficult to produce any significant acceleration in ' ^ J^y in 

ance of mature sperms even if spermatogenesis ^ pro- 
life. A search for early activation of the Leydig unsuccessful 

ductive. Early attempts, using histological endpoints we 
(M. Lima-Ostes and W. Ganong, unpublished), but a " ^^,ue. In 

problem with measurement of circulating testosterone might 
humans, the length of the spermatogenic cycle is 74 days 
maturation does not normally occur for approxiinately I J 
quendy, there is plenty of time for precocious puberty to ™nn 
and precocious puberty in boys is a well-established syndrome ( 


V. Effects of Hormones on the Development and Di*’® 
entialion of the Brain 

The brain resembles the reproductive organs in that 
like theirs, is determined by the hormonal environment early m i - 
female pattern of gonadotropin secretion and sex behavior is 
the male pattern develops at puberty if the brain is briefly 
androgen during fetal or neonatal life. Most of the expenmen s 
strating these actions have been performed in the rat, a species i 
the young are particularly immature at birth { 43 ). If testes are 
planted to infant female rats, they do not ovulate when they ^ 

stead, they develop constant vaginal comification. Ovulation can 
duced in such animals by injection of LH or, after progesterone pn 
by hypothalamic stimulation. Thus the rats are able to secrete 
steady level like the male, but they are unable to produce the peaks 
secretion necessary for ovulation. In males castrated at birth, 
ovaries show the female pattern of cyclic ovulation with ’ ^jed 

the ruptured follicules; but if the castrated rats with transplants are 
with androgens early in life, the male pattern of gonadotropin seer 
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develops A single dose of androgen as small as 10 fig of testosterone on 
the fifth day of life in the female is capable of producing the male pattern 
of gonadotropin secretion in adulthood Estrogens have no effect or they 
produce constant vaginal cornification Consequently, it appears that the 
cyclic pattern of gonadotropin secretion seen in the female is the innate 
pattern, and that exposure to androgen early in life converts this pattern 
to the steady pattern of gonadotropin secretion seen m the male 
Pfeiffer, who did much of the early work m this field, believed that the 
androgen acted on the pituitary to make the pattern of pituitary secretion 
the male pattern (81) However, pituitaries transplanted from male fetal 
rats to hypophysectomized female adult rats maintain normal estrous 
cycles Thus, the sex of the pituitary is not fixed, but depends on the sex 
of the bram under which it is located (49) 

The early exposure of the brain to hormones also determines the pattern 
of sexual behavior that develops in adulthood Female rats treated with 
testosterone when they are 5 days of age do not behave sexually as females 
when they reach adulthood, instead, they attempt to mount other females 
with greater than normal frequency and show increased male sexual be- 
havior Conversely, males castrated at birth show increased female sexual 
behavior although they continue to act as males as well (49) 

The similarity of the action of androgen on bram development to its 
action on the development of the external genitalia is striking In many 
species, androgen from the fetal testes causes the undifferentiated genital 
anlage to develop into male external genitalia In the absence of androgen, 
female external genitalia develop regardless of genetic sex (46) It is 
worth noting, however, that the androgen effects on the genitalia occur 
earlier than the androgen effects on the brain Therefore, it is possible to 
have normal genital development and abnormal brain development (49) 
The neural effects of early exposure to steroids are most easily studied 
m the rat because in this species the changes can be produced by treat- 
ment after birth In other species, treatment must be given in utero, usually 
by treating the mother For example, female pscudohermaphrodite off- 
spring of Rhesus monkeys treated during pregnancy with androgens have 
been shown to have abnormal sexual behavior in adulthood (44) There 
IS also evidence for masculmization of bcha\ior m girls exposed to high 
levels of androgens m utero (72) However, in primates, the pattern of 
gonadotropin secretion is not changed by carl} exposure to steroids, and 
androgcnizcd monkeys and humans can menstruate regularly after sexual 
maturation 

It IS pertinent to note that carl> treatment of female rats with large 
doses of steroids other than androgens produces the constant \agmal 
cornification sjndromc in adulthood Estrogens, corlicoids, and c\cn cho- 
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lesterol can all produce the syndrome {43). However, most steroids have 
the actions of other steroids if administered in sufficiently large doses. 
Consequently, it is unreasonable to expect complete specificity of the ac- 
tion of steroids on the brain. It has been postulated that estrogens act 
directly on the brain to masculinize it, and that androgens act by conver- 
sion to estrogens in the brain (S7). However, this hypothesis has not 
been widely accepted. 

It has also been reported that injections of reserpine, chlorpromazine 
or suspensions of thymus cells along with the androgen in early life Pre- 
vent the constant vagina! comificaiion syndrome from developing in adult- 
hood (43). The reasons for the blockade are unknown, but so for that 
matter is the mechanism by which the androgen exerts its masculinizing 
effect on the brain in the first place. 
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I. Biochemistry of Androgens 

A INTRODUCTION 

1. Basic Structure and Nomenclature* 

The androgens, estrogens, progesterone, and adrenal cortical hormones 
all arc denied biosjnlhclically from cholesterol and possess a basic steroid 
• In the interest of brcvit>, sjmboH uill be meU where il is deemed appropriate 
Androgens estrogens and progesterone ssilJ be referred to as A T and P. respec 
til els Sjmbols for other steroids arc pisen in Tabic I 
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TABLE 1 

Nomenclature of Selected Androgens, Estrogens, 
Trivial name Symbol 


and Progeslins 

Systematic name 


Androstenedione Aj 

Testosterone 

Dehydroepiandrosterone DHA 

Dihydrotestosterone H*!* 

Estradiol-170 

Estradiol-l7tt E*-® 

Estrone 

Estriol 

Progesterone P* 

Pregnenolone 

20a-DihydroprQgesterone 20<ir-OHP 

200-Dihydroprogesterone 2O0-OHP 

17a-Hydroxyprogesterone 17a-OHP 

17a*Hydroxypregnenolone ITa-OHPi 


4-Androsten-3.17-dione 
1 70.Hydroxy-4-androsten-3-o 

30-Hydroxy-5-androsten-l7-one 

170-Hydroxy-5a'androstan- • 
1.3,5(lO)-Estratrien-3,l70-dio 

1 3 5(10)-Estratrien-3,l7a'dio 

i;3,5(10)-Estratrien.3-oM7-o^ 

l,3.5(l0)-Estratrien-3.16et,l ip 

4- Pregnen-3,20-dione 

30-Hydroxy-5-pregnen-2^onc 

20a-Hydroxy-4-pregnen-3'O 

2O0-Hydroxy-4-pregnen-3-one 

17a-Hydroxy-4-pregnen-3'One 

5- Pregnen-30.17c-dJol _ 


structure (Fig. la). Over 1800 biologically active /’T Jj,' oVth® 

lated from biological sources or are produced synthetically. 
above hormones is designated by a trivia! name or by a sys e 
which describes the chemical and stereoisomeric chemical 

hormone. Lack of space does not permit a discussion of tne ^ ^ 

nomenclature and stereoisomerism of each of the gonadal horm 
brief treatment of this subject using androgen as a model is ^ 

Androgens are named systematically (chemically) by ^yhich 

parent hypothetical steroid structure, androstane (Fig. la and 
is a completely reduced structure with 19 carbon atoms arranp 
six-membered rings (A, B, and C) and one five-membered gn 

the naturally occurring androgens substitutions in the ring sys e 
— one (=0) or an — ol (OH) on carbon atoms 3 or 17 (Fig. ^ 

Hence the androgens are named as substituted androstane, or i a 
bond is present in one of the rings, as substituted androstene. _ 
tematic termination is that recommended by the Internationa! 

Pure and Applied Chemistry (lUPAC) (.107, 32). 


2. Stereoisomerism ^ 

The spacial orientations of the rings in the androstane gc- 

substituents on the carbon atoms determine the relative physio jjjgsc 
livitlcs of androgenic hormones on target organs and the “*'*°*’ . 
hormones with proteins and/or enzymes during their transport an 
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C. TESTOSTERONE 
{17« -HYDROXY- 4- 
ANDROSTEN-3-ONE) 


0 



H 


d-ANDROSTERONE 
(3»- HYDROXY-5»- 
ANDR0STAN-I7-0NE) 


Fio. 1. Basic structure and nomenclature of androgens. Androstane (a ) is the 
hypothetical parent steroid. 


activities. The carbon atoms in the rings do not lie in a plane. They are 
oriented in space in the so-called chair form, and the substituents on the 
carbon atoms may be in the cis or 0 form (above the ring) or the trans 
or a form (below the ring). Thus androstane exists in two forms: 5a- 
androstane (Fig. 1) or 5y3-androstane. In active androgens, rings A and 
B are in the irons relationship and are 5a-androstane derivatives, or have 
a double bond in ring A between C-4 and C-5. Rings B/C and C/D are 
always in the irons spacial configuration in the biologically active andro- 
gens (Fig. Ic and d). The methyl groups (CH,) on carbon atoms 10 and 
13 are fixed in the cis position in all steroid structures. The structures of 
two naturally occurring androgens are presented in Fig. 1 (c and d). Note 
that cis substituents are attached to the C atoms by solid lines and the 
irons substituents by broken lines. 


B. BIOSYNTHESIS OF THE ANDROGENS 

The total biosynthesis of testosterone (T) from acetate by a variety of 
pathways in which cholesterol and the C-i intermediates Pj and P, arc 
implicated occurs in the testes and other steroid-producing tissues. The 
steps in the general biosynthetic pathway from cholesterol to P* arc shown 
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in Fig. 2. Pregnenolone is converted ^ 

by the enzyme isomerase (200). ^ , Hehvdroepiandro- 

hormone because of its production by the 

sterone (DHA), a product of the adrenal cortex, ar p ^ 

cular androgen. It is important to "<«= ‘hat ‘he j. ,hey differ in 

testis differ little in the type of steroid ho™°"« 

the quantities of the individual steriods “f^^“^^tolesterol by 

In the rat, testicular steroid hormones are den ^ ,j.. latter 

a pathway leading to the production of Pe ='’‘' cholesterol 

spontaneously forms isoeaproie acid and 

with a homogenate of rat testes yielded 5. % 17a-OHP, 

3.7% as steroids; the latter fraction contained T, r., great as 

20(r-OHP. The last three were present in quantities three 
T and Ps (58). The two-carbon (C,;) side chain cleavage y 
mitochondria and reduced nicotinamide dinucleotide phosphaK^ 
efficient cofactor. Abnormal human testes (interstitial ce 
verted P, to T plus 4-androsten-3.17-dione (A,) while Ha- 
major metabolite produced by normal testicular tissues (:>o ^ 

One of the major pathways of T synthesis is as follows 

P,-» l7a-hydfOxyprogesterone(17or-OHP)-» A* ♦-♦T 

Another pathway to T is 

p,_ i7tt.OHP»-» dehydrocpiandrosierone (DHA ) -* At*-* 



CHOLESTEROL 




NAOPH hoY^'^I^ NADPH ho 
<>2 I °Z 


1.'^ 

•Mrr 


20H-0H 

CHOLESTEROL 


2O<,22R-0H CHOLEST^^ 

I3. 


4 30- OH SDH 

oJvAJ 5 .1S0MERASE 

PROGESTERONE 


NAOH 

+ 

H + 


.x#”‘ 




NAO+ PREGNENOLONE 


Fic. 2. Biosynthesis of progesterone from cholesterol. Steps 1-3 
mitochondria. 
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The synthetic pathways are shown in Fig. 3. Radioactive P, was trans- 
formed to T by rat testicular microsomes in the presence of nicotinamide 
adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide phos- 
phate (NADP). In the presence of testicular homogenates, T was formed 
from P, with 17rt-OHP and A_. as the intermediates. Only negligible 
amounts of 17a-OHP, and DHA were found (JS3). P, is either con- 
verted to P, or may produce T by a pathway involving 5-androsten- 
3/?,17);-diol-!7-acetate and 5-androsten-3,8,17;8-diol. 

A more detailed consideration of the enzymes and biochemistry related 
to biosynthetic pathways of androgens are presented in references (32) 
and (69). 


PBOOESTERONE 


PREGNENOLONE 


IT< - OH PROGESTERONE 


IT< - OH PREGNENOLONE 


TESTOSTERONE 


ANOROSTENEOtONE 


DEHYDROEPIANDROSTERONE 




5a - OIHYORO- 
TESTOSTERONE 


OH 

..a9^ 






O.UU 

H H 

S’* - ANOROSTWECXONE 5a -ANOROSTANEOIONE 


ANOROSTERONE EP1AN0R0STER0NE 


mOCHOLANOLONE 
OH , 


.c6^ 


:/ 


5^* ANOROSTANEO(OL 


5 ^ • ANOftOSTANEDOL 


Ho. 3. Metabolism of androgens in domestic species. 
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Sulfoconjugated DHA, secreted in large quantities by the adrenal 
glands, undergoes direct metabolic changes in various endocrine and non 
endocrine tissues. In the human ovary this sulfoconjugatc contril^tes 
significantly to the biosynthesis of free androgens and estrogens ( )• 

Skin tissue is also involved in sulfoconjugated Ci-i~stcroid metabolism, t e 
free compounds are found in human sweat extracts (750). 


C. CATABOLISM AND INTERACTIONS 

IN ANDROGEN-SENSITIVE TISSUES 

In general we have pictured the steroid hormones as being produced by 
specific glands, then carried by the blood to target or metabolizing 
organs. In the metabolizing organs the steroids are catabolized to steroi s 
having Htlle or no biological activity, conjugated with sulfate or g 
curonic acid to water-soluble forms, then excreted in the urine or feces. 
Recent evidence from studies of androgens indicates that target organs ma> 
require a transformation of the secreted form of the androgen. T, t ® 
principal androgen secreted by the testis, must be metabolized to 
closely related steroids, principally dihydrotestosterone (HsT), pnor 
effecting the maximal biological stimulus (777). Owing to these 
findings, androgen metabolism can be discussed under two main categones. 
catabolism and metabolism in androgen-sensitive tissues. 


1. Catabolism 

Testosterone, produced by the Leydig cells of the testis, is transpo^^ 
in the blood plasma attached to carrier proteins by a weak and reversi 
binding (6J, 171, 176, 177). Serum albumin binds T in blood wherc^^ 
corticosteroid-binding globulin binds both T-1 7/3-sulfate and T-17^'8'^ 
curonide {191 ). Circulating may be bound partially to plasma albunua 
and corticosteroid-binding globulin; some may be unbound. 

The liver catabolizes the highly active testicular hormone T to A- by 
the oxidation of the 17^'hydroxy group in the presence of 17 / 3 'hydroxy 
steroid dehydrogenase (17/3-HSD). A. is an intermediate which ^ 
further reduced to 5a- and 5/8-androstanedione. The two androstanedion^ 
are converted to androsterone (3a-OH), epiandrosterone (3^-OH), 
5/?-androsterone (inactive). These three are excreted in the urine of 
feces as soluble sulfates and glucuronosides. Testosterone may also h® 
transformed to 5a- and 5/8-androstanedioIs by a reduction by speci ® 
A*-3 ketosteroid-5a- and 5/3-reductases and a specific 3«HSD. The andrc^ 
stanediols are conjugated to glucuronosides prior to excretion. The relah' 
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importance of the pathways depends upon the activity of the specific 
enzymes known to be present in hepatic tissue, prostate, skin, etc. (32). 
Figure 3 summarizes the catabolism of androgens. 

Dehydroepiandrosterone is hydrolyzed to DHA sulfate by a steroid sul- 
fatase (37) which may be converted to T in the testes both in vivo (37) 
and in vitro (52). Bailieu et at. (15) reported that DHA sulfate in testic- 
ular tissue of the boar occurs in quantities five times that of the free 
hormone. DHA is also a product of androgen catabolism and its sulfate 
is an important secretory product of the adrenals in both the male and 
female and may exert biological effects. 

Research involving the qualitative and quantitative characterization of 
the excreted urinary metabolites of androgens has yielded knowledge of 
therapeutic and endocrinological importance, especially concerning the 
17-ketQsteroids (17-KS). The testes account for 30% while the adrenal 
cortex contributes the remaining 70% of the total urinary 17-KS (223). 
Androsterone and its less active 3,8-OH and Sp isomers are the main 
urinary metabolites of T. DHA is the major 17-KS of adrenal origin. 
Methods are available for separating the testicular and adrenal 17-KS and 
for their quantitative determination, which are of value in discovering 
whether quantitative changes in the total 17-KS are due to testes or 
adrenal malfunction. Normal boars and castrates of both sexes produce 
17-KS, whereas in normal sows no 17-KS is found in the urine (43). 

Androgen metabolites are present in small quantities in male bovine 
urine (113, 222). Marker reported the presence of only two androgens 
in the bovine male; androsterone and DHA. Holtz, however, later found 
5,8-androsterone and DHA but no 5a-androstcrone after administration 
of T-propionate (113). Martin (126) injected 120 mg of radioactive 
[4-"C]T into a bovine male castrate and in the first 24 hours recovered 
radioactivity equivalent to 1 5 mg of the injected radioactive T. Two me- 
tabolites were isolated, namely, epitestosterone and 1 7<t-hydroxy-5i9-an- 
drostan-3-onc. Following the administration of P, to a pregnant cow, the 
following C,i, steroids were identified in the feces: 5a-androstan-3,17- 
dione, 4-androstcn-3,17-dionc, and l,4-androstandicne-3,17-dionc (136). 
Tills was the first report of the isolation of the I,4-androstandicne-3,17- 
dione from natural sources. The physiological importance of the conver- 
sions is uncertain. Owing to paucity of information, metabolites in the bile 
and cntcrohepatic cycling of steroids will not be discussed. 


D. METABOLISM IN ANDROGEN-SENSITIVE TISSUES 

Until recently, it has been generally assumed that steroid hormones 
were not metabolized in target organs {androgen-sensitive tissues) upon 
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Which they acted biologically. Since the *'^™‘\^‘.°2T“roTinrirrht 
from general catabolic processes by hormone-bind g P 

blood and oThJr mdioactive steroids 

..J tUMi (Jl») ... .1 

various aspects of this topic are considered in more 
labeled T and A= results in a selective uptake of these ^^inal ves- 

androgen-sensitive organs including the 6’“ certain 

ides of mammals and the preen glands of ducks In th 
male heterosexual remnant tissues also concentrate androgens 

Muscle tissues of the male do not selectively brnd . ^ u,ajor 

(137, 221). Within minutes after the °''^f',^’vtoplasin 

metabolite produced in rat ventral and some T. 


metabolite produced in rat vemrai prosiaic wa> ..j. . 

of the prostate contained, in addition to HjT, androsterone ceii 

Only H.T and smaller amounts of T were recoverable P . , pre- 
nuclei for periods up to 2 hours. Only the prostate, semin 
putial gland, kidney, and blood plasma (small quantities) c Ji 
iabeled H,T. T is converted to HT in other cygeal 

including the epididymis of rats (72), the and fe- 

gland of chicks (72, 221 ), and the preputial glands of both m 
male rodents (72). Gomez and Hsia (76) and Wilson and Wa^lker^t 
cited human skin as another androgen-sensmve tissue capa 
verting T to H.T. The rates of conversion were especially nign 
specimens from the scrotum, prepuce, labia major, and chtor 


specimens from the scrotum, prepuce, lama major, „a,ion i" 

and Walker (220) reported a progressive decline in the Hjl m 

, t. A .1.. ,.o^.ifvfncp.c involvea »» 


a progressive uceniic lu - j i 

the prepuce of adult men. Apparently, the reductases involve 
transformation of H T from T are slereospecific in their transie ^ 
dride ions from NADPH; the 5^-reductase transfers this ^yctase 

position of NADPH to the 5p position of T whereas the 5«' 
transfers the ion from the p position of NADPH to the Sn-p 


The kidney appears to utilize T as the intracellular androgen 
all other androgen-sensitive tissues utilize HT. Mowszowicz an 
{143) found an active 3-kclorcductase (3a-HSD) in mouse T- 

ing in the formation of 5a-androstan-3n,17/?-diol and little H; 

The discussion of the receptor hypothesis by which androg^^^ 
bound to proteins in the cytoplasm and nuclei of androgcn-scnsi ^ 
gans will be described briefly and in general terms here. In Sec 
differences present in various organs and tissues of importance to 
ductivc physiology will be discussed. 
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The receptor hypothesis, in general, postulates that the specificity of 
the nuclear binding of HjT is controlled by the nature and presence of 
cytoplasmic receptors and by factors present in nuclear chromatin, per- 
haps in a DNA-associated nonhistone protein (65, IJ], 122). The num- 
ber of potential binding sites for H_.T in the nucleus has been reported to 
be ranging from 2000 (65) to 6000 (122). Saturation of these sites pre- 
vents further binding in the nucleus. Administration of T to castrate rats 
induces stimulation of protein synthesis in prostate nuclei. This suggests 
that androgens may influence the rate of synthesis of the nuclear proteins 
which regulate the binding of cytoplasmic receptors in chromatin (122). 

In the rat prostate gland the nuclear binding of H..T is similar to the 
mechanism of nuclear binding of other steroids, except for the fact that 
the naturally secreted hormone, T, must be converted to HjT prior to 
binding. T is also converted to 5a-androstan-3/S,17/S-dio! in the cytoplasm. 
This is bound to prostate microsomes but is not retained in the nucleus 
( 111 ). 

Two cytoplasmic receptors, complex I and complex If, exist, the for- 
mer controlling retention of complex II in the nucleus, but the mech- 
anism has not been elucidated. 

A number of antiandrogenic substances have been described, but the 
mechanism whereby they lower or prevent androgenic activity is not under- 
stood. A 6a-bromo-l 7/?-hydroxy-l 7a-methyl-S-oxo-5n-androstan-3-one 
(BOMT) selectively suppresses the nuclear binding of HjT m androgen- 
dependent tissue in vitro and competes effectively for the specific, high- 
affinity binding sites for HjT in the cytoplasm of the rat prostate gland and 
its transfer into chromatin in a reconstituted cell-free system (123). 
BOMT also antagonizes the stimulation of RNA polymerase activity m 
the prostate gland after administration of T in vivo. It has no effect on the 
rate of formation of HjT. Many aspects of the mechanism of action of an- 
drogens at the cellular level are unknown and require further investigation. 


E. SECRETION OF ANDROGENS 
1. Sources 

The Lcydig cells in the testis produce the chief naturally occurring an- 
drogen in the male. That the ovaries produce androgcnically active secre- 
tions has been demonstrated by a number of early investigators, but no 
pure androgen has been isolated from ovarian tissue (56). 

Unlike the ovaries, androgens have been isolated from tlic adrenal cor- 
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tex by extraction. In the human female with adrenocortical hyperplasia, 
androgens are present in the urine in high concentration. Decrease 
amounts of urinary androgens are present in the urine of patients Vri 
adrenocortical hypofunction. Androgens are also present in the nnne 
after gonadectomy. 


2. Control Mechanisms 

In animals lacking a definite breeding season, androgen production and 
secretion is continuous, with minor variations after puberty. In some 
domestic animals a breeding season occurs but is less obvious in the ma 
than in the female. A number of stimuli in vertebrates cause ^ 
tropin release which, in the male, acts upon the testis and induces '■ 
production and release of androgens. Nothing is known about the capaci j 
of different testicular cells for androgen storage. Eik-Nes (<52) has re 
ported an instantaneous increase in the concentration of T and precurso^ 
of T in spermatic venous blood of the dog. That gonadotropin 
is controlled by pituitary active neurohumors of hypothalamic 
now well established (225), Crude hypothalamic extracts and gona 
tropin-releasing hormone (GnRH) of natural or synthetic origin 
serum LH in sheep (139). The effect of GnRH on release of LH m 
bovine in vivo and in vitro has been investigated (1^0). Serum LH con 
centration in bulls prior to GnRH treatment averaged 1.1 ng/ml 
creased to peaks of 9, 19, and 39 ng/ml after 10, 40 and 160 G'”' ’ 

respectively. Serum LH in heifers behaved similarly in response to Gn 
treatment. LH rose threefold in the effluent media from steer pituitane 
continually superfused with GnRH after 1 -minute exposure to 1 ng pn” 
fled porcine GnRH/ml medium. GnRH did not release LH in quantiti 
characteristic of the ovulatory surge, which suggested that a single surg 
of releasing hormone is not the exclusive event which induces the pro* 


ovulatory surge of LH. 

In a more recent report (MO), T increased about threefold in respo^*^ 
to the increased LH release after GnRH in 6-monlh-old bulls but not in 
2- or 4-month-old bulls. Unlike T, A. increased significantly at all ageSi 
and the pattern of the A. response to GnRH generally was similar to t 3 
for LH. After further work (141), it was concluded that GnRH 
LH to increase after castration and the increase is not reversed by T. 
addition, LH is released episodically in bulls, and peaks of LH norma > 
arc closely followed by increased T. Despite increased scrum LH n j 
GnRH at all ages and increased T after GnRH in 6-monlh-oId ho 
testicular size, testicular sperm numbers, and epididymal sperm numbed 
sscrc unaltered at fiOdajs after GnRH treatment. 
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II. Biochemistry of Progesterone and Estrogen 


A. INTRODUCTION 

In 1929, Corner and Allen {46) reported that an extract of the corpus 
luteum (CL) caused a proliferation of the uterus, the active principle was 
identified simultaneously by three groups of workers (5, S8, J92) and 
named progesterone (P 4 ). It contains the perhydrocyclopentanophenan- 
threne ring with a two-carbon side chain at the C-17 position and oxygen 
functions at C-3 and C'-20. By 1957, the hormone had been identified in 
ovarian tissue, adrenal tissue (i^), placenta (779), and blood (185). 

Besides being a hormone, P 4 is an intermediate in the synthesis of an- 
drogens and estrogens. Four estrogens (E’s) have been found in the 
steroid-forming tissues of the cow, ewe, and sow: estrone (Ei), estradk)!- 
17j3 estradiol-17« (E^-«t), and estriol (Ej). (Equilin and equilenin 

occur also in the pregnant mare.) The E*s differ from other steroids; the 
A ring has three double bonds and no angular methyl group at C-10. There 
is a hydroxyl group at C-3 that is phenolic in character, thus E’s are 
soluble in alkaline solution. E’s are present in blood by a factor of 100- 
to 1000-fold less than Pj, yet this quantity of E exerts a biological effect 
due to its greater potency per unit weight. 

Allen and Doisy, using the vaginal smear technique, showed that follic- 
ular fluid could produce s}'mptoms of estrus in spayed rats and mice, tints 
giving evidence oi iVie existence of a hormone (152). Smaii quantities O'f 
the hormone were available for study until the report of Aschheim and 
Zondek that the hormone was present in human pregnancy urine in much 
larger quantities (752). By 1931, E, had been isolated in crystalline 
form from urine and its physical and chemical properties described (752). 
In 1936, MacCorquodale et at. extracted the follicular fluid contained 
in four Ions of sow’s ovaries, in the search for an ovarian E (752) E- p 
was identified, followed by E,. E, and E.-p were identified in human foF 
liclcs and CL in 1959 (224), Ej p and E. « in cow follicular fluid in 1958 
(206) and Ei in 1962 (188), and E_.-p and Et in follicular fluid of marcS 
in 1962 (186). Reference (752) summarizes much of the early work. 

B. BIOSYNTHESIS OF PROGESTERONE 

Elucidation of the synthetic pathway leading to P, is based mainly on 
studies of the CL and adrenal cortex. The similarity of enzyme systems, 
(heir subccHular sites, and tropic hormone control makes one realize that 
one pntlusay is probably common to all steroid-producing tissues. Thi5 
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pathway is shown in Fig. 2. Thn source of 

(193) although the CL possesses all '!'<= “=" J J 53^5 cholesterol- 
of cholesterol from acetate (88) into cholesterol 

Homogenization abolishes the mcorporation (Sj, 105). 

(174). The reactions leading to P-i o““f *" a multicom- 

In mitochondria, the side chain of cholestero hydroxylate 

ponent enzyme system that j cholesterol. The rate- 

and cleave the chain between C-20 and C-22 o can 

limiting step is hydroxylation of cholesterrf at th P system, 

be stimulated by luteinizing hormone (LH), except 
Normally the side chain cleavage system is membr mem- 

product of the mitochondrial system, Ps. is then „icro- 

brane to be utilized for the synthesis of hormones by the 
somal enzyme systems. , . adrenal 

Pa is the precursor for the steroid hormones prod Y . (js- 
gland (fMlfplaeenta (154). testicular tissue (200) ^ ™";.„„es 

sues of the ovary (175). The enzymes that convert P. 'o of 

are found in the endoplasmic reticulum. Ps is converted to . z 
a 3/3-hydroxysteroid dehydrogenase (3p-HSD) . 1,.^ it may 

somes of testes (200) and the ovary (775). Once P. . (or other 

be either secreted as in the CL or retained as an inte 
hormones as in testes. 

C. CATABOLISM OF PROGESTERONE 

The catabolic pathways are shown in Fig. 4. A number 
tain 20a- and 20^-HSD. The ovary itself catabolizes to ^ 20^' 

20£f-dihydroprogesterone. The ovary of the cow and sow P*"® pntvta^ 
OHP, while the ewe’s ovary produces 20a-OHP (75). The ovan 
seems to be significant in the control of P^ synthesis m ® j jxie- 
(215). P4 levels fall before parturition which is due to the redi 
tabolism of P. to 20^-OHP. 20a-HSD is under hypophyseal contro 
early pregnancy and later shifts to the placenta (2/6). nregnane- 

In target tissues, the 4-ene reductases degrade P^ to 5a- and ^ "‘P., „,preg- 
diones which are then reduced by 3a- and 3^-HSD to 3a- an 
nanolones. Further reduction occurs at the C-20 ketone may 

the 5a- and 5/3-pregnanediols. Eight possible isomers of pregnane 
result. A scheme for the catabolism of Pi is shown in Fig. 4. 

1, Metabolites in Urine 

Normally, P. is not in the urine. Its major urinary 
pregnane-3a,20a-diol, has been found in many species, among t e 
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20^-DlHY0R0PR06ESTER0NE PROOESTERONE 204^.DIHYDROPROGESTERONE 



S<- PRE6NANOLONE 54- PREGNANOLONE 



5a- PREGNANEDIOL 55> PREGNANEDIOL 


Fig. 4. Catabolism of progesterone in domestic species. 

the sow (729)» marc, and goat (7/2). Other compounds isolated from 
the urine have been: Sa-prcgnancdiol and 5o- and 5/?-prcgnano)one (sow; 
129, ISO), and the 3n and 3/? cplmcrs of 5«t-prcgnanc-20^-diol (marc; 
124, 125). NS'hcn ’‘C-P, was administered to dairy cows, 3 Cd of the radio- 
activity was recovered in the urine, and 50% in the feces (218). It ap- 
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pears that P, is converted 
feces in ruminants (138). 


D. T. MAVER 

to androgens in the liver and excreted via the 


2. Metabolites in Target Tissues 

Most of the metabolic studies in 

and pig. Wickmann (214) reported the ated mainly 

myometrium and found A'-Sn-reductase j supernatant, 

in the nuclear-myoftbrillar and mitochondrial ‘ j was first 

20a-HSD activity was detected. In an ^ 3mhydroxy-5«- 

converted to 5<.-pregnanc-3,20-dionc Within . P 5^ 

ptegnane-20-one appeared, and to a lesser nAW" ■ in the rat 

ptegnane-3(r,20<i-diol appeared. No 5/?-prcgnanes we 

uterus. _ ^ . on^-OHP have been 

In human endometrium, 5«- and 5^-pregnanes a (45). There 

readily detected along with small amounts of the preg ° or gro- 
is no evidence for 17-hydroxylation. cleavage o catabolites of 

matization to estrogenic compounds. J " trium is 

P, have been identified. The rate of catabolism m the myometr 
less than in the endometrium (56) with less than one-h 
bolites being produced. ^ ^ 9 or lO 

In an in vitro study of porcine endometrium , L xindall 

of the estrous cycle, and incubated with ’^C-P^, enri 5Q.preg- 

(90) reported eleven reduction products. Two of thes 

nane-3.20-dione and 3/3-hydroxy-5a-pregnane-20-one. On _ j^oxy- 
chromatographic mobilities in three thin-layer systems, 
5^-pregnane-3-one and 20a-OHP were reported. In furl^her ^^^pub' 
laboratory using endometrium from day 16 or 17 of the ^vell 

lished data), catabolites from the previous study were * ^ j 'phus h 
as 3rt-hydroxy-5a-pregnane-20-one and 5a-pregnane-3a,2 a- 
appears that in all three species, human, rat, and pig, the « 
series is the preferred route of catabolism in the uterus. 


D. BIOSYNTHESIS OF ESTROGENS 

Androgens are the immediate precursors of the com- 

Figs. 5 and 6. The principal precursors are T, A.., and DHA. 
pletes the biosynthetic pathway 

p^__ p,_* t7.^HP-* A,(orT)-* E,_fl (or Ei) 

From a variety of data based on the use of organ ^jgs, E'® 

incubations, direct extraction of isolated tissues, and in vivo s u 
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TESTOSTERONE t9-OH TESTOSTERONE 



ESTRADIOL -iTtf 

Fig. 5. Oxidation of C-19 methyl group of testosterone to form estradioI-I7/3 and 
formaldehyde. 


can be formed by the ovary placenta, adrenal, and testes (57). In most 
species, significant quantities are not produced outside the ovary and 
placenta, except in special cases such as adrenal or testicular tumors. 
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Flo. 6. MctaboliMn of andropens lo ruropens. 
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Estrogens can arise front the incubation ^ 
rerol or androgens. Rather than three independent 

S;v:extendingfron, acetate throughe^^^^^^^^^^^ 

don of this pathway exists m the adrenal gland (/dd) 

p.— lTo-OHP,— DHA-A,-E, 

Total synthesis of E.p or E. 

pig ovary (211). Based on this and „ ^^mral steroids, 

that acetate is a precursor not only of cho “ , (;i 55 ) «ere able 

but also of E. Using “FSH stimulated ovaries Ryan er^^ 
to demonstrate the conversion of P. m E, that T could be 

lesterol and P, is well established. Ficser ( ) P ^ gaggett 

converted to E by cleavage of the angular me y g 
et al (12) then showed that "C-T was convcrte 

ovarian slices and horse testes. Important ^ j T to form E:Si 

were the stimulating effect of FSH on the atizing enzymie 

by dog ovary slices (99) and the "Z "iiMon of NADPH 

system in human placental microsomes (' 2’ . 

and oxygen caused A., to go to E, in 50 to 100% yieW . ab- 

The elucidation of the pathway from A to E bepn .^^.ajt- 

served that 19-OHA, was a ^ore active precursor of E,^ h^^ th« 

ing it was an intermediate (134). Follicular fluid t„ed in the atoroa- 
ll-OHA, to E, (f 55). Proof ^ 

tization of the A ring was obtained ’ ,ha aromatization of 

formaldehyde from the 19-oxo compound (34). porfman 

ring A results from the hydroxylation of C-19 f„^ation lah« 

(59) describes various possibilities by which this 

place. One pathway is shown in Fig. 5. r .bP “equine estro- 

Heard et al. (87) have elucidated the biosynthesis of the 9 
gens,” equilin and equilenin. These structures are shown in F g- 


E. CATABOLISM OF ESTROGENS ^ 

The metabolism of E’s in the domestic animal is act tha‘ 

references see 60). The metabolic pattern is complicated by 

are. at least two E’s of ovarian origin, Ej and bi, a j the 

, and E., that have been foun 


other E’s, among them being E,-. and E„ that have be . ^ be 

placenta, blood, urine, and other tissues. E,.p and fc, are e ^ ^ 
the secreted forms and the others arise from catabolism. ^ 

interconvertible by a 17-HSD. E. occupies the central 9°*“'° ’ of the 
via 16 -hydroxylation of E, to form Iba-OHE, and a re q,2 

ketone group at C-17. E. and E,.a can also be hydroxylateo 
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and C-6 positions. These compounds have been isolated from human urine 
(for references, see 55). In the cow, ewe, goat, dog, and rabbit, the meta- 
bolic pattern appears to be Ei, and E_.-<t with E...^ as the major end- 
product. In the sow, is missing; Ej is the major endproduct. 

Unlike the human, the main excretory route for E’s in some of the 
domestic species is the bile and feces. has been isolated from bovine 
bile and rises twofold in the feces during pregnancy. Ei is tenfold less than 
E,.. In sheep, the same appears to be true. In the horse, the main route 
is the urine with ten catabolites being reported, including E, and E_.-p 
{207). In ruminants, Ej.n is the major urinary product followed by Ei 
{207). The E^-a has very low biological activity and so is thought to be 
the end product of E metabolism, analogous to Ej in man. Mellin and Erb 
(732) injected i.v. into a heifer during the estrous cycle and found 

that E..^, E_.-p, and E, comprised, respectively, 81, 3, and 12% of the 
urinary product recovered with more than two-thirds being excreted during 
the first 24 hours. The largest peak of total E occurred during the 3 days 
preceding ovulation. In the pig, E| is by far the major urinary metabolite. 
E, is present while E...^ and may be present (207). Urinary Ei rose 
sharply ‘‘between days 20 and 30 of pregnancy, fell for 10 days, then rose 
steadily until a week before parturition” (37). Recently, Knight et al. 
(733fl) using an indwelling cannula in the radial vein have shown that 
plasma estrogens follow a similar pattern during early pregnancy. Both E* 
and E,.-^ rose to a peak of 20 pg/ml between days 20 and 30 then fell 
to a low level by day 40. After day 70 the estrogens gradually rose to a 
level exceeding 1 ng/ml by day 100, According to three reports (207), the 
ewe excretes little E in the urine, even during pregnancy. 

The liver is considered to be the major site of catabolism of E’s as 
well as other hormones. Zondek (3) reported that the inactivation of 
estrogens by liver was an enzymatic process rather than being due to con- 
jugation. Schiller and Pincus {178) observed a conversion of to a 
less active estrogen by the liver. Hcpatectomy diminished the conversion 
of E, to E„ but not of Ei to E..-^. A whole set of NADPH-dependent 
oxidative enzymes that catabolize E’s have been demonstrated in the liver 
(sec 3 for references). Dehydrogenation of E.. p to form E, by a protein 
fraction from the bovine liver has been reported (776). 

Cultures of kidney, endometrium, liver, and testes intcrconvcrt Ei and 
Ej.p, thus demonstrating the presence of the appropriate dehydrogenases 
(733). Red blood cells inlcrconvcrl E, and E.-p In the sheep, horse, pig, 
and dog {207). In cattle, however, red blood cells intcrconvcrt Hi to Er 
whereas Ej p is irreversibly transformed to E,. Within the last 3-5 years, 
there has been increasing interest in feta! metabolism of steroid hormones 
and its involvement in such phenomena as implantation and parturition. 
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Pig blastocysts collected on day 16 “j '^^o'^cTnUb HSD 

r ntrEre ^rdlonstta^ed bis— any 

in blastocysts by day 12 of pregnancy (67). 

1. Steroidogenic Enzymes 

Three types of enzymes arc responsible for ge„ from 

lism of Pjt (1) dehydrogenases which add to or 7 

carbons of the steroid nucleus. (2) hydroxylases wh.ch^ad^^ 
groups to the steroid nucleus, and (3) isomcrases 

Lnd between carbons after a dehydrogenase has ne ed on the ^ 

These stereospecific enzymes synthesize and degr r.i7ofP4a’’^ 
Hydroxylations occur at the C-20 and C-22 of cho «tero , ^ 

P„ and C-16 of estrone. Electrons are transported do 

complex having the components shown m P'S- p450 

from the nonheme iron protein (NHFeP) to the Fe y 

protein. The reduced P450 reacts with O. and ‘ransfers OT ^ 

gen to the appropriate site on the steroid. The other a jio* of 

2H* from the medium form water. Thus there are two j 

which are oxidized. The hydroxylase enzyme complex is ai 

mixed function oxidase. 


F. CONJUGATES OF PROGESTERONE AND ESTROGEN 

Simple steroids which are nonpolar are converted to estere w ^ ^ 
more polar. An ester is formed by the reaction of an y The 

sulfuric or glucuronic acid, with the hydroxyl group on ® ses utilize 
liver forms sulfate esters of E and 3jff-hydroxysteroids. 

ATP and transfer sulfate from phosphoadenosine phosphosu a 
steroid. In the liver an enzyme, glucuronosyltransferase, for 
ronosidcs by transferring glucuronic acid from uridine diphospnog 
acid to the steroid. 


NON- HEME CV 
yADPH . Fp-Fe'*- V ^f;:*-protein\/p4: 

J. \ j\ NON-HEME 

NAOP+ ^FpHj-Fe- Fe***-PR0TE1N P- 


STEROID- OH 

P450y^(^ STEROID- ^ 

CYTO- P450-O 
It/ 


Fic. 7. HyJroxylase or mixed function oxkJase system in 
hormone producing glands. 


milochondria of 
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Conjugation of a hormone should not be regarded as a definite inac- 
tivation of the hormone. Certainly conjugation appears to be an essen- 
tial step prior to excretion. Adlercreutz (5) states, however, that es- 
trogen sulfates may act as primary hormones just as do the unconjugated 
hormones. The E’s are conjugated in one organ and, following hydrolysis 
in another organ, may exert a biological effect that may be the same or 
different as that of the free E. In a recent study (J65) the incidence of 
free and conjugated E’s in pig plasma during gestation was reported. Ej- 
sulfate became detectable in maternal plasma by day 16 of pregnancy and 
rose to a peak of 3 ng/ml between day 23 and 30, but free Ei did not 
appear until day 70, again suggesting, like an earlier report (756), that Ei- 
sulfate may be implicated in implantation. The detection of no Ei during 
early pregnancy is in contrast to a more recent study i]J3a). 


G. SECRETION OF PROGESTERONE 

1. Sources and Levels in Domestic Animals 

is secreted by the ovar>’, placenta, and adrenal cortex. The major site 
of production occurs within the CL, even during the latter part of preg- 
nancy in many species. In the ewe and mare the placenta produces suffi- 
cient p 4 after the first one-third and one-half of pregnancy, respectively, 
to maintain it. In the sow and cow, the ovary is required for the major 
portion, if not ali, of the gestation period (see 40 for a discussion). A 
daily injection of 28 mg of Pj maintained pregnancy in ovariectomized 
gilts (63). It appears that the adrenal gland can contribute some P, to 
the circulating level since a level of 0.8 ng/ml has been measured in ACTH- 
trcaled ovariectomized heifers (209). 

The concentration of Pi in the CL parallels the development and re- 
gression of the tissue during the cycle. In the cow it ranges from 65 /tg/gm 
on day 12 to 12 /xg/gm on day 20 (59). The level of in peripheral 
plasma ranges from < I ng/ml during cstrus to a level of 5 to 7 ng/ml 
between days 10 to 16, after which a rapid decline to a low level occurs, 
usually <1 ng/ml, followed by cstrus (9/). The pattern is shown in Fig. 
8. The progestin, 20/ff-OHP, has been identified in the CL, ovary, and 
adrenal gland. 

In the CL of the ewe, P, levels arc much lower than in the cow (24 
/ig/gm on day 12) (197). As expected, the levels in plasma (194) arc 
also lower (3 ng/ml on day 12) (see Fig. 8). Another progestin, 20 (t- 
OHP, occurs in the ovary and placenta (7J). 

P, concentrations in the CL of the sow range from 47 /ig/gm on day 1 
vificr cstrus to 69 /xg/gm on days 12 to 16. then undergo a decline to 15 
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^g/gm over the next 3-5 days (127). Henricks et al. (93) have reported 
gonadal hormone and LH levels in pig plasma during the estrous cycle 
(Fig. 8). P4 levels are three to four times higher than in the cow — a re- 
flection of the multiple CL in the pig, ranging from 1 to 2 ng/ml on day 

2 of the cycle and between 25 and 35 ng/ml on days 12 to 14. Usually 
levels decrease to one-half the peak level by day 16 and estrus occurs 4-6 
days later. A similar profile occurs during the first 14 days of pregnancy 
(80). Guthrie et al. (81) have observed that in superovulated gilts there 
is good correlation between CL number and P4 level. As in bovine CL, 
20^-OHP has been identified in pig CL (30) . 

The half-life of P4 in the cow exhibits a biphasic curve; phase 1 lasting 

3 minutes and phase 2 lasting 28 minutes (106). Production rates have 
been measured in sheep and goats. During the luteal phase of the sheep, 
the daily output ranges between 4—6 mg (196) and 11—19 mg (201). Of 
considerable interest is the occurrence of Pt in milk with 10 to 30 ng/ml 
being measured (98). 

2. Control Mechanisms 

a, LH, It has been shown by both in vivo and in vitro methods that 
gonadotropins stimulate ovarian P4 synthesis. The addition of LH, HCG, 
and FSH contaminated with LH to bovine luteal slices stimulated the 
synthesis of p4, whereas prolactin, ACTH, and serum albumin did not. 
LH acted similarly on CL of the pig, rabbit, and sheep (174). 

A hypothesis for the action of ACTH on steroidogenesis m the adrenal 
gland was proposed by Haynes and Berthet (175) and has received wide 
acceptance not only as a specific phenomenon of this tropic hormone, but 
as the means by which LH stimulates steroidogenesis in the CL. The con- 
cept states that the tropic hormone acts upon adenyl cyclase in the mem- 
brane of the target cell, causing an increase in cAMP, which, in turn 
activates phosphorylase which increases glucose phosphate for the hexosc 
monophosphate shunt pathway. This pathway increases NADPH, a co- 
factor necessary for steroidogenesis. Evidence for the applicability of at 
least a part of this concept to LH action on the CL is summarized by 
Dorfman (55). Briefly, phosphorylase activity in bovine CL and its stimu- 
lation by LH have been reported. The increase in phosphorylase activity 


Ha. 8. Peripheral plasma levels of progesterone, total estrogen (Ej « *f Ci) and I.H 
in HoUlcin cows (lop), ewes (center), and sows (botlom). LH values arc expressed 
m terms of NIH*LH*K7 (cows as assa>ed by \V. Hansel), NIH-LH.S1 (ewes as 
nvsajcd by Sc.>rnmuzzj). and l-I'R>786-3 (sow's as nssa>ed by Henricks). This figure 
is reproduced from reference (S5) by permtsston of Antfrtcan Zcoto^isi. 
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and P, biosynthesis are correlated. cAMP is 

concentration is stimulated many fold specifically y LH. 

Savard (774) has '''I “"‘I “ '^^^p^ron steroidogenesis, 

following: exogenous cAMP mimics LH and stimulation 

intact cells are required, the two elTects ^ synthesis, 

by LH and cAMP fails m the presence of ° „,her than 

LH may be stimulating the synthesis of me is not increased by 

NADPH. The activity of response to LH 

r r i.^” S Ume synth^is to 


is too rapid for an induction of enzyme sjntnesis 

Ungar et al. (204) may indicate that a P enzyme 

adrenal mitochondria increases the activity of side ch - „f 


de Cham cicdvu^w 
bractinr^Tr^aTrier for cholesterol. It may facilita^^ 
cholesterol into the mitochondna. The focal pom ^ 

transmitter,” cAMP, may be generation of such a “remr p ^^„„s,erol 

mechanism of action of LH may also be re ated to (f9) 

P, biosynthesis, but at a different .horesterol 

ministered LH i.v. to rats and showed a significant mere . ,te 


i°dmtaistered LH i.’v. to rats and showed a significant ‘""ff “ ^^ping the 
esterase activity within 15 minutes. This enzyme could be co 
ester to free cholesterol to be used for synthesis of P=. 

b FSH. Savard (.173) summarized his studies of •'”*7° ws 
reported that FSH preparations, when added to bovine C 
inactive except when contaminated with LH. 

little based 

c. Prolactin. This hormone stimulates P 4 synthesis gaudies 

on in vitro studies using bovine CL slices U74) and 
using other species. It does not increase phosphorylase activit> 
increase glucose or cholesterol metabolism (S). ^„oears ‘o 

ovarian cholesterol stores in rabbits (55). Although ‘ be re- 

be essential to CL function in rodents, it has not been shown 
quired for luteotropic support in domestic animals (55). 


H. SECRETION OF ESTROGEN 


1, Sources and Levels in Domestic Animals 

The main sources of E are the ovary and the placenta, 


me main souieo 01 uic me uvaijr u.iv. p.v- — -- nuantni'^-’ 
the latter stages of pregnancy, the hormone is produced in grea q 
in most species. The testes is a significant source of E in a e\ 
such as the stallion and boar. The adrenal gland is a minor s^r 
The ovarian unit responsible for secretion is the follicle. The 
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fluid, in general, is a very rich source of hormonal steroids and their pre- 
cursors, In the cow Ej p and E, predominate, while in the mare it is E-.g 
and 6«-OH-E^-(i with some E, present (/Pi). The thecal cells of the 
follicle have a greater activity of the I7-hydrDxylase an desmolase than 
granulosa cells and are thought to be the main source of E during the 
follicular phase (189). 

Production rates of E have been measured in the ewe and goat. Maxi- 
mum secretory rates of 6 to 9 /<g/24 hours of E,-u have been reported 
(13, 48) for the nonpregnant sheep. In pregnant sheep, 1.8 mg of E, and 
28 mg of E; a have been reported (208). Production rates (milligrams 
per day) can only be estimated for the cow on the basis of studies on 
urinary and fecal excretion (208). Hundreds of milligrams are probably 
produced during late pregnancy. 

E levels in the plasma of nonpregnant domestic animals are low relative 
to the levels found in rodents and primates. Peak values occur at or just 
prior to estrus and range from 12 to 20 pg/ml in the cow to 50 to 70 
pg/ml in the pig. Figure 8 shows the E profiles for the cow, ewe, and sow 
during the estrous cycle. During pregnancy, the levels of free and con- 
jugated estrogen reach levels of nanograms per milliliter just prior to 
parturition. In both the cow (159) and the pig (165), plasma levels of 
estrogen sulfates were considerably higher than free estrogens. 

Of the two active E’s, E^ a and E„ the former predominates slightly in 
the blood of the cow. In a study of 12 nonpregnant heifers, the ratio of 
nneonjugated E..j to E, ranged from 3:1 to I:I depending on the stage 
of the estrous cycle (Henricks, unpublished data). The wide ratio occurred 
at estrus. In addition to E...g and E,, E_..„ is present in sheep and cow 
blood (53, 166). Our understanding of the dynamics of E secretion is 
based on peripheral plasma levels. Data on ovarian-venous (O-V) levels 
of hormones in domestic animals arc now becoming available. A brief 
study (146) indicates that in O-V plasma, E.-p is 50-200 times higher 
than in peripheral blood and E, is 20-100 times higher. Sampling at 
2-hour intervals showed pulses of Ej-p occurring during the 2 days before 
estrus and between days 3 and 6 of the cycle. Intensive studies of this 
type are needed to describe the actual plasma profiles of E and to elucidate 
their role in reproductive processes. 

E is present in the milk but in very low amounts based on bioassay. 
Lunaas (119) has delected E^.p and E,. Colostrum contains quantities 
ranging up to several nanograms per milliliter of both free and conjugated 
E's. The amount of free E in milk rcBects the amount in the plasma 
during the cycle (142). The amount in milk is three to four times 
higher than that in peripheral plasma, which may indicate an active uptake 
by the mammary gland. 
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2. Control Mechanisms ^ 

It is reasonable to assume that nil. FSH has 

control of secretion, but our understand = . by dog ovaries as does 

been shown to increase the convem.on of T to E , 

LH and HCG (99). With cow (/53) P'S ‘ .Lher approach is the 
stimulatory. All of these were m v.iro A ^ i„ 0-V 

infusion of ovaries with gonadotropins and measuring 
SoorBoth FSH and LH stimulated the “.vaVdete^ 

(I), but not in horses (;S7). No effect by . ^ -(.jiiy meaningfa'- 

in sheep (190). These finding may ®he pLk in plasma 

Dobson and Fitzpatrick (54) have ahow" ‘Ji ,o rise. I" 

E..B is attenuated by a single injection of ^heep foIH* 

addition, LH caused a decline in E secretion by cultured ^sh 

(131). Studies using hypophysectomized anima date the 

as the effects of endogenous Son^^Jotrop.ns are^elj^^ to 


as uic fciiwvk.3 W4^ — — o — - 

rat has been the best species tor these studies. 


rat nas oeeu i"'; -e .. 

reduce LH contamination, induces E secretion role m 

Stelnmetz suggests that normally gonadotropins ha j„. 

control of ovarian E secretion (795). Ml eullr growth. ^ 

directly by increasing blood flow and stimulating cultured (^^' 


directly by increasing blood flow and stimulating 0 icu (41, 

results from several reports in which granulosa cells ,be nu- 

42) suggest that exposure of the cells to gonadotropins p g 
cleic acids in such a manner as to determine the ° ^ „,oWth 

thesis. Finally the selective effect of gonadotropins on 
remains an enigma. 


III. Physiological Efiects of Androgens, Progesterone, 
and Estrogens 


A. INTRODUCTION 

Tissues that are a 
and progesterone in 


acutely responsive to androgen in the male or 


the female under normal conditions are ' 


termed 


get organs.” The main organs are the accessory sex organs and 

the vagina, uterus and mammary gland in the female, pituitai^ i^oncs 
certain areas of the brain. The physiological effects of the sex ho ^ 

be divided into gross eQects, such as growth and increased vascu 
organ, and specific eSects, such as the cflecls on metabolites, cn 
terns, and the nervous sj’slem. The effects on the nerN’OUs system 
characteristic patterns of behavior. 
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B. ANDROGENS 

The main physiological effects of A In both the gross sense and spec-lfic 
sense, are outlined by Dorfman and Shipley {56) and by Emmens {6^)’ 
Recent research has dealt with the activity of A at the cellular level. As 
a result, it is evident that the reproductive biologist must add the wprd 
“hormone receptor” to his vocabulary. A brief discussion follows of the 
specific effects of A on the testes, accessory organs, and behaviorism in 
the male. 


1. Testes 

The administration of [1,2-^H]T to hypophysectomized rats resulted in 
the binding of T and H^T to specific cytoplasmic receptors in the cytoplas- 
mic fraction of seminiferous tubules {86). The cytoplasmic receptor in the 
tubules was clearly different from the testicular A-binding protein, 
similar to the cytoplasmic receptors of epididymis and prostate. Th^se 
receptors in the tubules may be mediators of the androgenic stimulus to the 
germ cells. 

2. Epididymis 

Evidence exists for the presence of a H..T-binding protein in the cyto- 
plasm of the epididymis U6). The binding protein was organ-specific ai^d 
possessed a limited capacity to bind A, The binding protein in epididynlis 
differed in its physiochemical properties from those of the binding protein 
in the ventral prostate and seminal vesicles. H T appears to be the primary 
A involved in the maintenance of male accessory sex organs {16). Earll'^r 
investigators have indicated that the androgenic requirements of accessory 
organs for normal functioning may differ. It is interesting to speculate th^t 
differences in the characteristics of the androgen receptors may play a role 
in the relative androgen requirements of these organs. 

3. The Brain and Behaviorism 

A higher concentration of HjT was found in the brain than in the blood 
in functionally hcpatectomizcd male rats (184). Both HjT and 
androstan-3,I7^-diol were present in higher concentrations in the brain 
than in the blood of totally cviscratcd groups. This suggests that under Ihi^ 
in vivo condition, rat brain is capable of converting T to androgenic 
metabolites. 
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When =H-T and ^H-HT ««";d™nistered to 
3H-T yielded T, H.T, and A. and resulted t 

H.T, androstanediol, and androstenediol m brain 

capiility of brain tissue to metabolize in the main- 

Although H.T has been suggested as the Pn™ ^ in 

tenance of male accessary sex organs, it does not pp 
the maintenance of mating behavior 'n nitrncenic effects can be 

aggressive behavior in mice (720). A ^ ^ Readers interested in 

induced with T as the exogenous ^nd Gessa (J72)- 

sexual behavior are referred to the new book by Sandler 


C, PROGESTERONE AND ESTROGEN 


1. Uterus 

a. Effects of Progesterone. The dependence ^ 46 ) 

progesterone for its function was pointed out by Corner 
in 1929 in their studies of the pig. They stated, The e '' the 
luteum contain a special hormone which has as one o .^^ing pro- 
preparation of the uterus for reception of the embryos ny , 1,5 


gesmtiond proliferation of the endometrium.” "“e"„'stim- 

laboratory species have demonstrated that after a P«'''°P “ . -h gro"’*'' 
ulation the uterus will proliferate in the presence of Pi. Aim in 

occurs, mitosis is not prominent. The tubular glands und ^''8 
length and tortuosity ( 64 ), and epithelial cells change for i,; 

glycogen ( 102 ). The growth-promoting activity does not eq 

— • *i_ - A f wv\nv>i'^rll\/ in size W 


-“V fc— f. ....j:, ' , V, , ^We and invo* 

E-p. During pregnancy, the uterus increases markedly m s>i .4 


c.>-p. i./uiiuy piv.gi.uwv.j, » 'Artninized 3 *^^ 

lutes after parturition. The administration of to ovarieci 

. .. .. .. _r «.-.^«llrHTPtn n' 


tuita oii^E ...w * 

estrogen-treated animals increases the activity of protocollag g(.ti\iiy 
ase, thus promoting the synthesis of collagen { 210 ). TheS'^ 

is increased slightly by E.-p and significantly decreased by Pi C * 
reports suggest that P^ may be required for myometrial hyper r p 
after parturition its withdrawal facilitates uterine involution. 


iflcr parturition its withdrawal lacimatcs uterine invojuuu**. factor 
Csapo ( 49 ) has proposed that during pregnancy Pi is die 
.. • « ... . »v._ • to 


and 


uaa piopvzawv. ...ui K'-fa” J ’ g ai‘“ 

sponsible for myometrial quiescence. Uterine responsivencs 
nxvtocin disaonears. Pi increases the membrane potential an „ 


ill - - 

oxytocin disappears. P^ increases the membrane potential an 
required to induce contraction of the myometrial tissue. W e 
“block" is in cfTcct, electrical activity is suppressed. Uterine Ic' 
correlate more closely with the maintenance of pregnancy o 

levels (50). In early studies, isotopic P 4 could not be localize 
uterus (24), perhaps because it had been converted to polar me 
More recently, Wicst and Rao (277) reported that uterine P« ® 
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that in plasma, whereas uterine 20arOHP was not greater. Although a 
specific Pj-binding protein is present in the endometrial cytosol, it remains 
to be determined if the protein is a receptor. The molecular basis of these 
phenomena is being studied. 

P^ regulates the activities of endometrial enzymes. It increases car- 
bonie anhydrase activity (121), although this event may not be necessary 
for the hormone to induce the typical tissue morphology (/I5). The hor- 
mone increases glucose-6-phosphate dehydrogenase, isocitric dehydro- 
genase, and NADP-malic enzyme as well as total uterine RNA and DNA 
content (117). Leucine aminopeptidase is largely controlled by P^ (20). 
While it increases phosphatase activity, it antagonizes the greater response 
given by E_. p (145). E.. p induces pyruvate kinase activity, whereas 
inhibits the response (51). Thus P 4 can either increase enzyme activity 
or act antagonistically to the action of E. 

b. Effects of Estrogen. In the uterus, E acts as a growth hor- 
mone. Following a single injection of E into a spayed rat, the uterus under- 
goes hyperemia within 4 hours (118), an increase in water content within 
6 hours, and an increase in dry matter content within 30 hours (10). The 
first morphological sign of stimulation is the division of cells in the endo- 
metrial epithelium and glands, followed by a secretion into the uterine 
lumen and a ballooning of the uterus. 

In the ovariectomized cow, E increases the height of the uterine epithe- 
lium, size of the glands, and stromal edema (9). Glycogen content of the 
epithelium is reduced, and endometrial arterioles are maintained (84). 

E also influences the myometrium to undergo growth. Hypertrophy of 
both the circular and longitudinal muscles occurs. Uterine contractility is 
under E control, although P) also plays an essential role. Contractions 
occur at a low level during the luteal phase, gradually increase in fre- 
quency and amplitude during the follicular phase, and culminate at esirus. 
This has been shown for a number of species, e.g., rabbit, sow, and cow. 
Uterine motility increases in the ovariectomized cow upon injection of 
E (fi). 

In the uterus of the spayed mouse, changes in the appearance of the 
luminal cell surface and the plasma membrane occur within 4 hours after 
i.v. administration of E. g. By 20 hours, cell growth had occurred. Other 
than the early uptake of water, no other morphological change has been 
described that is indicative of the early action of E. Later changes then 
arc secondary to more fundamental changes eaused by E. 

Respiration of uterine segments increased within I hour of injection of 
E, II into the .spajed rat (199). Phospholipid (PL) content increased 
within 1 hour (144). This was followed by a rise in RNA by 6 hours, and 
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incased funher by 24 boues. Protein synthesis did n.e n^i 
hours. Capacity to "“fbutoES did not, nor did P; ROJ 

corporation ot orthophosphate mto PL S hu synthesD o! 

cortisol (4). E...a is "voWed jn the j^ca o s^ 


lived in me ^ ^ 

nucleotides. Incorporation ol "CO; 'T'® ®'!“'"3,io'n (M4). From work 
candy stimulated within 1 hour of ^ ‘ „,cin synlhesn, 

on enzymes which ““hanges are geared to the 

Mueller (J44) concluded that “[‘f " ^ , 5 „n,y by stimulating denmo 

levels of rate-limiting enzymes and that ^ protein synthe®. 

synthesis of these “ ‘"n bm "" 

prevents incorporation of glycine *nt p *0 note then that ih 

corporation of Pi into phosphatides It is ,vas concluded 

inhTbitor prevented all ot the early E ‘thesis. Another 

that E is concerned with the stimulation p ' prevented the 

inhibitor, actinomycin, blocks the syndesis ,b„s sng- 

increase in PL and protein synthesis in ‘Fn ,er protein sjn- 

gesting that RNA synthes,s_.s_aj^^^^^^ 

5 involved ! 


thesis due to E ( 203 ). Nolebloom and Gorski (/ ) « g^celer- 

E induces the synthesis of RNA fbe en" ymes involve').''; 

ated RNA synthesis and hence to a ° centered on prole'"® 

metabolism of nutrients. Indeed, recent efforts ha 
synthesized soon after E...a administration. permeability. 

As mentioned earlier, hyperemia, increased enP'”^ P ,;pg) arc nli“ 
release of membrane-bound materials such as h'Stamine t „,„eoa 

significant events in the action of E on the V Thus E may 

would allow more metabolites to amve at the site of g bromatin m 

be acting in the uterus at both the cell membrane an 
bring about its specific and powerful effects on this targe o g ^ rvhich, m 
This discussion has dealt with the biochemical actions ^ 

necessity, overlaps into a discussion of mechanism o ac P_AhlP 

cussion of uptake of E and P„ binding to the tissue receptor , 
involvement see Chapter 6. 


2. The Oviduct and Mammary Gland , ^ ^ jj 

In the rabbit, P4 appears to repress oviducal 
stimulatory (704, 272). Other studies (27, 25), on the o 
cate that the oviducal activity increases near ovulation due and 

of E and secretion of P* from the follicles. Ovariectomy 
amplitude of contractions. In any case, the ratio of to ^pti- 

to be important in the retention of the ovum in t he ovldu^ — 
mum time period. As E dosage incr eased in castrated 
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were found in the oviducts and fewer in the uterus {1^8). Two studies 
(25, 77) have shown that P 4 accelerates ova transport in rabbits. Hafez 
et al. {82) reported the same results in superovulated cows. 

Recent studies (for two reviews see 77, 21) have focused on the flow 
of oviducal and uterine fluids and their protein composition. gave 
rise to serum-identical proteins and suppressed uterine-specific proteins. 
p 4 had the opposite effect (27). A uterine-specific protein, “uteroglobin,” 
has been partially characterized and may be identical to “blastokinin” 
(774). 

Glucose, maltose, and fructose are present in oviducal extracts of rab- 
bits (79). E increases the oligosaccharide level, whereas Pj decreases it. 
Glucose, lactate, and pyruvate levels increase after ovulation and may 
stimulate metabolism of the ovum {100). P 4 injection in the rabbit 
doubled inositol content of oviducal fluid {78). It decreased fluid pH and 
increased carbonic anhydrase activity in both rabbits and cows (727). 
In the cow, at estrus, fluid Na* and K* concentrations were lowest (757). 
In the ewe and cow (755), the formation of oviducal fluid was greatest 
around estrus and diminished during the luteal phase with large increases 
in protein and glucose content occurring at estrus. E would appear to be 
involved in these changes. 

A review of the effects of gonadal hormones on mammary gland growth 
and secretion is provided in Chapter 14. Turner and Cowje have studied 
independently the effects of estrogen and progestins on the mammary 
glands of cows and goats (25. 47, 162, 202). 

3. Pituitary Gland and Ovary 

The presence of a functional corpus luteum is associated with both the 
lack of ovulation and estrus . Daily injections of 10 m g of in the cw c 
and 50-100 mg in the c ow and pi g during the estrous cycle have th e 
safiic^ffect (for references sec ^oolc. 754). Cows return to estrus 4-7 
"da^^aftcr the end of treatment. It has been shown that E preceded by 
Vt arc required by the cwc for normal estrus {68). P, may have a con- 
ditioning effect. A preovulatory peak of P, has been reported in the cow 
(//). Others have not detected such a p^k. Ej.fi and P, together gave 
a more normal estrus than E..-p alone. 

The general concept that P, sup presses L H secretion via a negative 
feedback mechanism, at least insofar as cyclic release of preovulatory 
amounts of LH is concerned, is widely accepted. A number of workers 
have shown that in the cow no significant rise in plasma LH occurs until 
plasma P. levels decline to less than 1 ng/ml (see Fig. S). In the presence 
of high Pi levels, however, low levels of LH arc maintained (hat arc su/- 
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fieien. to n,a'.n.a',n a func.iona, corpus lu.eum. Thus .he ccn.ro, ot LH 

secretion by P. may involve l.yo fopide do not begin to 

Plasma E levels associated with the o™ ^ q.rfe until 

rise above a base line level during the P"" between the levels 

plasma P, begins to decline. The inverse e'mrn h P bet ^ ^ 

ot the two hormones can be seen for ail three spe ^ 


rjE »he two noniiuiits day 

cow. Henricks e, al. (92) reported P cstrus. 1. seems 

p, had fallen significantly and peaks u'’°“ ^ ^ , e in the co»y 

.;il-estahlished that the e^rogen surge E.-a md-e 

ewe, and sow. Piper and Foote ( J , . ,^,e. Coding et 

ovulation in the ewe when given on day 4 of Jh > ^ 


ation in the ewe when given on day 4 of the eye 
gave E-a to anestrus sheep and found an LH p decreased m the 

fnterval between E=.p injection and P'^’t release E 

ewe as the dose increased (161). In a stu y 3 , f,oiu 

levels were dose related to PMSG and us E Im 1 ros^ 


. in the ovatiec- 


levels were Qose le.awu — . . „ , „ ,„f„e 

onset of estrus to peak LH levels decreased. An LH surg ^ ^ 

tomized cow occurred 16-28 hours after an im inj ^ administratio" 

The occurrence of an LH surge m t^fP°'’''= , ° „V'evoke a surge >“ 
probably depends on the level of P, 29) There appeeP 

ihe ewe on day 10 of the cyele. but did on ‘;fcstrogen-i"<iut''> 

to be a definite inhibition of the naturally occurring 


lO uc a . 

LH surge by P< administration in the ewe (70). „„oetoGNKE"' 

Reeves er of. (162) have shown that LH «'uuse m response ‘oO 


Reeves ef of. (162) have shown that em e'e"e n. 
ewes was greatest on day 1 of the cycle relative to “7 °tne ,, 

Thus pituitary sensitivity to GnRH may be enhance > ^ jg or 

‘ _ . . w W e i__rf 1^:M:<-larsr1 f^nKH OH 0“. 


./e iR or 

inus VUUUiliJ .x, - - ^ HaVS 0, 1 

by E stimulation. In beef heifers administered GnRH ^ 3 „ gays 

20 of the estrous cycle, increases in serum LH were o 


veu ~ u, 

ZV VI lUC CSUWUa (l09)- ^ 

with the greatest response occurring on the day of estru . 


trus 

will! Uic gSWSASVJS £7 - , , p levels 

tively small response was measured on day 16, a time w < . die 


lively Milan IVJIAVA.JW - ,7 - cpnsitiZlttS 

high. The hormones may be affecting LHRF release, jhe 

pituitary cells to the local level of LHRF, or having a . .j^ji coni^ 
pituitary cell’s release of LH. Evidence for pituitary sen 
from experiments with diestrous rats (7) and anestrous ewes ^ ^ ^ 


—r anesuuua 

LH level was significantly higher in animals pretreated may 


significantly higher m animals pretreaicu 
LHRF than in those treated with LHRF alone. In “othala"’*'^ 

be preventing the ovulatory surge of LH by acting at the >F 
level to alter LHRF release or at the pituitary level > 

sensitization. ^gressi®^ 

and E influence luteal function. P, acts to hasten ^ jn 


and E influence luteal function. P, acts to nasicu ^ !» 

in the nonpregnant ewe and cow, but not in the nonpregna 
^f.xTn'vnt enwe P. inicclton reduced CL weieht. but not Pi 


pregnant sows. P, injection reduced CL weight, but not Pi 
Exogenous E-.*? causes CL regression in cattle, however, t i 
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enon can be blocked by administering gonadotropins. Estrogens also in- 
duce CL regression in cycling, pregnant, and hysterectomized heifers. 
In sheep, Ej./j is luteolytic during the first half of the cycle. In the non- 
gravid pig, exogenous estrogen is luteotropic (68). 


IV. Uterine Factors 

A. UTERINE LUTEOLYTIC FACTOR (ULF) 

In a number of species, including the cow, ewe, sow, and mare, the 
uterus plays an important role in the regulation of the function of the 
corpus luteum (6, 26). In the guinea pig, pig, sheep and cow, the CL 
remains functional for a period equivalent to the length of pregnancy if 
the uterus is removed. It appears that the nongravid uterus is required 
for regression of the corpus luteum. Further work has demonstrated 
that removal of one uterine horn in these species leads to regression of CL 
in the ovary adjacent to the remaining nongravid horn and maintenance 
of the CL contralateral to the horn (71). It appears that the uterus in 
these species exerts a local luteolytic action that is, at least partially, 
systemic in nature. It this is true, it would seem possible to isolate the 
factor(s) that is responsible for luteolysis. Uterine flushings from the pig 
on days 12-18 of the cycle degrade granulosa cells in a monolayer sys- 
tem as reported by Schomberg (179). Luteal regression did not occur 
when the flusbmgs svete inSused into pigs. Chemical studies of the uterine 
flushings indicated that the factor(s) was nondialyzable, heat-labile, and 
of high molecular weight — the properties attributable to a protein (179). 
Similar studies have been done using endometrial extracts from nongravid 
uteri of sheep with somewhat less convincing results (39). 

Prostaglandin F..^ has been suggested to be the ULF (74). Exogenous 
PGF,„ is luteolytic in the ewe (74) and the cow (167), and there is evi- 
dence for a preferential transfer of PGF infused into the uterine ovarian 
vein to the ovarian artery entwined about the vein of the ewe (74). The 
infusion of 20 to 25 ng/hour of PGFj„ for 4 to S hours into the uterine 
vein adjacent to the CL is sufficient to cause luteolysis in the ewe (130). 
A similar transfer of PGF_.„ deposited into the uterine lumen to the ovar- 
ian artery has been demonstrated in the cow (96); however, an elevated 
level of PGF.., in the ovarian artery of the normal cow at any stage of 
the cstrous cycle has not been demonstrated (181). 11 should be noted 
Hint the bioassay of various fractions of uterine endometrium for lute- 
olytic activity indicated the active principle was arachidonic acid, a pre- 
cursor of PGF.n (IS2). 
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increased plasma cs.roEcn 

pflF iv (96), as well as when i J s ^ to about 2.5 

;’A'= 

be involved in the luteolytic proecss m the cvve and 


B. UTERINE PROTEINS ASSOCIATED WITH PREGNANCY 

„.e been found in uterine secret, ons of P . 


Specific proteins have been found in mu.. 
mammals at times that are coincident with cert 


of embrjonic 


^incident with certain ^ 

development. This has led to the 0"= csPCci^l' 

quired for the growth or differentiation of ^c em^O 
prominent protein among the six fractions “blastoUnm, 

'of rabbit flushing on Sephade, “00 that blastoUnia 

so named by Krishnan and Daniel W) They sugS 


imed by Krishnan and Daniel (>“<>■ formation. Bei« 

was necessary for inducing and regulating blas ocys f^^, ^ 


— ' ted 

a^ln^lM ^;;mion and^tamed it ^uter^oWr^^ 

L the same region upon gel c'frophoresis (portalbum^^ 
had a similar effect on the morula stage of ‘"c ^ff„, on gro"* 

that the two proteins are identical and they eaer io,uni concern 

rather than blastocyst formation. The protein attains ,,-,gh unli' 


rather than blastocyst lotmation. .nc 

tration on the fifth postovulatory day in the rabbit ^ of P'^ 

day 9 when it begins to decrease (22). It stimulates th > ovao- 

t inQ\ oTiri PMA (7n'y\ in blastocvsls. The protem is p treated 


day 9 when it begins to decrease n 5 ,u.fm.atw 

tein 008) and RNA (205) in blastocysts. Th' protein is ,^,ed 


ectomized animals receiving P. or P. + E, a and abse „ous anunsb 

with Ei p alone. The administration of P, to nonpregnan , gushiD? 

for 5 days induces the same level of blaslokinin as lou 
from rabbits on day 5 of pregnancy {128), thus suggesUng 
of this protein is P^-dependent. . 

On the basis of several lines of evidence {17) it appears 


th« 


V..., vaaw . . nterine-sp2‘^"e 

primary hormone regulating synthesis and/or secretion o ^.^nteol 


primary normonc icgumiiug . (.onicn*^ 

proteins in the pig. In addition to an increase in total pr ^jgcreasio? 
a single uterine flushing until day 15 of the estrous phase- 


^ e, phase- 

sharply, two protein fractions were present only during the u 

. . . . * I /-R'r'If* 


Three other fractions were present inrougnoui me -- f 

tein, purple intrauterine glycoprotein, has been isolated 


present only during the pro- 

throuehout the cycle. A P 
. T rrnm utcnn^ 


tein, purpie iiumuicimc na:, 4 a,.w. ... 

ings of gilts between da>-s 12 and 16 of the cycle. It has 


VI — — ^ 

have a molecular weight of 32,000, 12% carbohydrate, j,.. 

per molecule, and a high alkaline phosphatase activity. ' ft colb-^ 
thesis is the epithelial cells of the uterine surface and glu 


of 
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on the stroma to be absorbed via the placental areolae and is sequestered 
in the allantoic fluid Passive immunization of gilts against the purple 
protein resulted in a reduction m placental size but not embryonic 
development 
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I. Introduction 

In order to obtain a complete undcrslanding of the complex endocrino- 
logical events required for norma! reproductive function, quantification 
of the rcprocluLlivc hormones m various tissues and fluids is ncccssarj 
Hisioritall), a vanci) of assa>s have been developed for this purpose The 
first nssa>s took advantage of the ability of the hormone to be measured 
to produce an unique biological effect in test animals In general, the 


119 



120 G. D. NISWENDER AND T. M. NETT 


quantitative aspects of these assays were based on ' Bv 

target organs or histological changes in the tissues of targ 
present standards these assays were imprecise, expensi , ’ ^ 1 , 

insensitive. However, data obtained using these Pro^durw ® 
been proved correct and provide the foundations of chemical 

The biological assays were subsequently replaced by 
procedures for the quantitative measurement of ''bat 

eral, the chemical assays were quite specific and relative y 
were tedious since extensive sample preparation suffi- 

final quantification. In addition, most chemical assa>^ • no 
cient sensitivity to allow the quantification of steroi numero^* 

amounts of serum or plasma. In recent years there ^^ve e 
improvements made in the methods used for the quantj ,yj.jjon of 
mones. The improvements are primarily the result of t ^ technique 
radioimmunological (5) and competitive protein-binding ( ggnsitbiO' 
for hormone analysis. These methodologies provide sumcien 
to measure concentrations of most reproductive hormones in 
oral circulation and yet were relatively inexpensive and cas) 
Radioimmunoassays were first developed for relatively ^ jyBsC' 

weight, proteinaceous hormones. However, this technique j^olec' 
quently been adapted for use in measurement of a variety o 
ular weight substances. 


11. Btoassay Techniques 

A wide variety of bioassays were originally devleoped for ^ -jliC 
and qualitative identification of gonadotropic and gonadal horm 
bioassays described on the following pages are the assa>s 
widely at the present lime. Therefore, presumably they are t e 
and/or most reliable. 


A. ESTROGENS . 

Bioassa)s for estrogens include the uterine weight assay and the 
smear assay. Both assays arc dependent upon changes in 
induced by estrogens and arc performed in ovaricclomizcd rats 
The uterine weight assay is based upon the ability of estrogens 
crease the weight (uicroiropic effect) of the uterus (2, 3). l> 
arc obtained when the assay is performed using animals th^t 
osancctomizcd for 2 weeks or longer. In general, a dosc-response^^^^^ 
is obtained by administering daily subcutaneous injections of ^ 
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(1-20 ng/day) to groups of 10 mice for a period of 7 days. Test samples 
to be assayed are injected at two dose levels into additional groups of 
animals following the same regimen. On the eighth day the uteri are 
removed, trimmed of fat, and weighed. The average weight of the uteri 
from each group of rats is plotted against the dose of estradiol administered 
to produce a standard dose-response curve. The response obtained in the 
rats which received the test substance can be quantified by comparison to 
the standard dose-response curve. The response obtained to the different 
forms of estrogens is quite variable in this biosasay, with estradiol-1 7/3 
being the most, and estriol the least, potent (see Chapter 6 for explanation). 

A vaginal smear bioassay (5S) is based upon the ability of estrogens 
to promote cornification of the vaginal epithelium in rats or mice (.33). 
At least 3 weeks following castration the animals are divided into groups 
of ten and given three subcutaneous injections of estrogen in oil at 12-hour 
intervals. Standard estradiol-17/9 is injected at dosages ranging from 1.5 to 
IS ng and test samples are injected at two dilutions. Vaginal smears are 
taken at 12-hour intervals beginning 24 hours after the last injection to 
determine if cornified epithelium is present. A standard dose-response curve 
is constructed by plotting the percentage of animals in each group which 
exhibited cornified vaginal smears against the dose of estradiol that each 
group received. The percentage “positive” smears in the animals given the 
unknown solution is compared to percentage “positive” smears in animals 
treated with standard. There is considerable variation in the response of 
this assay to the various forms of estrogens, with estradiol- 17^ being the 
most potent and estriol having the least potency. Both the uterine weight 
assay and the vaginal smear assay can be influenced greatly by the choice 
of solvent in which the estrogens are injected (44). 


B. PROGESTERONE 

The more commonly used bioassays for progesterone are the decidual 
cell response in rats (or mice) and the uterine carbonic anhydrase assay 
in rabbits. These bioassays are effective for the quantification of pro- 
gesterone, but are not responsive to other naturally occurring progestins. 

The decidual cell response assay is most commonly performed in ovariec- 
tomized rats that have been primed with estrone to augment the progesta- 
tional response (4). Groups of rats that have been ovaricctomizcd for 
1 week arc given 1 /jg of estrone and the test dosage of progesterone 
for 5 days. On the fifth day of treatment the rats arc laparotomized and 
one uterine horn is exposed for traumatization (14). The untraumatized 
horn serves as a control. The incision is closed and the progesterone treat- 
ment continues for 4 days. The rats arc killed 24 hours after the fast injec- 



122 G. D. NISWENDER AND T. M. NETT 


lion, the uterus is removed, trimmed of fat, and "onttol 

The increase in weight of the traumatized horn co p n,e 

horn is proportional to the dosage of progesterone 
smallest quantity of progesterone detectable by this as V ^ is 
of 0.25 mg. A major disadvantage of the this assay h 

that it is extremely sensitive to estrogen (oJ). 1 > th£t,c 

not suitable for samples with estropn contamination or 
progestms with inherent estrogenic activity. 

A second relatively common bioassay for progesteron ^gg^vation 

carbonic anhydrase assay (5/). This assay is based je- 

that the concentration of carbonic anhydrase in the ra „pjjydrase in 
pendent upon progesterone. The concentration of car 
the uterus may be determined by measuring ^ js most 

dioxide by homogenates of endometrial tissue {^8). rabbits 

sensitive when conducted using endometrial tissue from 
that have been primed with 5.0 /ig estradiol- 17^ daily or 
standard doses of progesterone and the test substances quan- 

daily for 5 days by subcutaneous injection. The minimum . 
tity of progesterone in this assay system is 0.1 mg (0.02 mg/ Y * 


C. ANDROGENS pj 

By far the most common bioassay for androgens is jj, jm- 

weight changes of the ventral prostate gland and semina is 

mature or castrated rats or mice. A second, relatively treal^*^ 

measurement of comb weight in immature cockerels that have 
with androgens. Although these assays have been used to potent 

drogenic potency of a variety of steroids, testosterone is the m 
of the naturally occurring androgens in both assay systems. oerform^*^ 
The ventral prostate/seminal vesicle weight bioassay can e 2 

in either immature or castrated male rats or mice (/7). jotion of 
weeks after castration must be allowed to ensure complete mv 
the accessory glands if castrated animals are to be used. Seven s 
injections of the standard doses of testosterone or the test su ^ ihe 
given at daily intervals. Twenty-four hours after the last i J 
animals are sacrificed and the ventral lobe of the prostate g grf 

seminal vesicles are removed, trimmed of fat, and weighed. ^^eiebt- 

expressed in terms of gland weights or as a percentage of 
The ventral prostate/seminal vesicle weight assay can detect app 
0.5 mg testosterone. hioass^i’^' 

The major advantage of the chick comb method for 
androgens is its simplicity (50). The assay Is conducted utilizing i 
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cockerels 2-3 days of age. Substances to be tested are dissolved in diethyl 
ether and 0.2 ml of the solution are applied to the lateral surface of th^ 
comb at daily intervals for 7 days. Twenty-four hours after the last treat" 
ment the birds are sacrificed and the comb is removed and weighed. 
data can be expressed as total comb weight or as a percentage of body 
weight. The increase in comb weight is directly proportional to the dosa^^ 
of androgen administered. A significant increase in the weight of the comh 
can be achieved with as little as 10 ;ig of testosterone. 


D. FOLLICLE-STIMULATING HORMONE (FSH) 

Classically, FSH has been assayed by the mouse uterine weight assay c*r 
the HCG augmentation assay. Recently, induction of premature ovulatio^ 
in hamsters has also been used for the bioassay of several gonadotropic 
hormones. The uterine weight assay for FSH (27) is an indirect assay sine® 
it is based upon water imbibition by (he uterus as a result of estroge^i 
secretion from ovarian follicles which were stimulated by the FSH (se® 
the uterine weight bioassay for estrogen). Immature female mice (21 days 
of age) are given subcutaneous injections of FSH (or test substance) 
12-hour intervals for 3 days. The animals are killed 24 hours after th® 
last injection, uteri are removed, trimmed of extraneous tissue, and split 
down the center of each uterine horn to remove intrauterine water. Th® 
tissue is weighed and (he mean weight in each group is plotted against th® 
dose of FSH standard used. The results obtained with the test substance.s 
coTnpa'iE6 \d Yne sianfiard 6ose-TespDnse curve. ‘Souce 'iu\e'ihi:ang ^ 101 - 
mone (LH) is known to act syncrgistically with FSH to stimulate secre^ 
tion of estrogen, contamination of unknowns with LH may result in fals^ 
high estimates of FSH. 

The use of large quantities of HCG to augment responses to FSH ha^ 
resulted in a decrease in variation due to LH contamination and has in'* 
creased the sensitivity of the assays to FSH (57). Immature rats or mic»/ 
(21 days of age) can be used for this assay. The quantitative basis fof 
this assay is an increase in ovarian weight doe to FSH stimulation of 
ovarian follicular growth. The test material is injected with 20 lU HCG 
divided equally for nine subcutaneous injections (0.5 m! each) administered 
at 8-hour intervals. The animals arc killed 8 hours after the last injection, 
the ovaries are collected, the bursa is removed, and the ovaries arc weighed. 
Ovarian weight may be increased with 50 /4g NIH-FSH-Sl administered 
over the nine injections. The use of excess HCG eliminates variation due 
to LH contamination of the sample, and thus this has been the most widely 
used bioassay for FSH in recent years. 

Recently, Yang and Papkofl (.62} have described a bioassay for FSH 
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which utilizes premature ovulation in is simpler 

assay system is afleeted by other '’‘’™ne“ ^lerial is in- 

and less expensive than other bioassays f ' .^us (\2 hours prior 

jected intravenously at 5 am on the morning of p 
'to the surge in gonadotropins). The animals are KiUed^at 1^^ 
same day and ovaries with attaehed oviduct a ^ dissecting 

mass is hushed from the oviduet and ova are counted 
microscope. The number of ova present is related to the dose 
jected. This assay can detect 250;.gof NIH-FSH-hl. 


based 


E. LUTEINIZING HORMONE (LH) 

The ventral prostate weight assay for LH is of the 

upon the ability of testosterone to stimulate , „®ight bio- 

Dceessory sex organs (see the ventral ' ion of tedoS' 

assay for testosterone). LH stimulates the synthesis and in 

tcrone by the Leydig cells of the testis (2/). ® fb„Tthe“a«a7r"W 
this assay when using hypophyseetomized. ™ jo be tested 

be performed in intact, immature rats as well. , „e liUed 

is injected subcutaneously, once daily for 4 day®- J’'® gland 

24 hours after the last injection and the ventral lobe of the p is 

is removed and weighed. The increase in weight of the P ^ the 

proportional to the dosage of LH injected. A ^^,15 assay 

weight of the ventral prostate is elicited by 10 ^g pcH con- 

has been widely used since it does not appear to be aftecud by 
lamination of the test material and is relatively easy to „„st 

The ovarian ascorbic acid depiction (OAAD) assay has b 
widely used bioassay for LH in recent years. It '^‘>%d^'°P^ip,ete a^' 
(26) and Parlow (49) and is based on the ability of LH to a p 
corbie acid from corpora lutea of immature Pa=“dopregnant r 
physiological mechanism involved in this depletion is still not u 
Best results are obtained when the assay is performed on day / 01 P ^ 
pregnancy, but rats between days 5-9 of pseudopregnancy can also 
One ovary is removed immediately prior to intravenous "’1'^“=*'°" -lioH 
test material. The second ovary is removed 3 hours later. The ^„c£ 

of ascorbic acid is determined in both ovaries 142) and ‘b= “1 . ^,ed. 
between the two ovaries is proportional to the amount of K”/"' 
Significant depletion of ovarian ascorbic acid occurs after 'hu ‘"J= „t 
0 195 NIH-LH-Sl. This assay has been used to measure FhH, pi B 
mare smum gonado.ropin (PMSG). and HCG as well as LH- ^1. 
vasopressin, and ACTH have also been reported to .j£,ed 

ascorbic acid from the ovary so these substances must also be cons. 
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possible sources of interference in this assay. Bogdanove and Gay (^) 
have modified the OAAD assay by treating the pseudopregnant rats M'ith 
estrogen. This treatment prolongs the period (from 2.5 days to 2-3 weeKs) 
during which the assay rats can be used and increases the sensitivity spch 
that 0.01 /ig NIH-LH-Sl will cause a significant depletion in ovarian 
ascorbic acid. 

Premature ovulation in hamsters has also been used to assay LH 
The assay procedure is identical to that described above for FSH. 

Recently, a bioassay has been developed which is capable of measuring 
levels of LH in serum. The redox bioassay is a histological technique which 
utilizes a change in the oxidation-reduction potential of a section of an 
ovary from a superovulated rat as the basis for quantification (52). The 
change in the oxidation-reduction potential of the tissue section is recorded 
by microdensitometry. This assay system does not appear to be influenced 
by hypophyseal hormones other than LH and provides a sensitivity of 
approximately 10 pg NIH-LH-SI. Levels of LH in serum as determined 
by the redox bioassay correlated very well with those determined by 
radioimmunoassay of the same samples. In addition, it appears that the 
redox slate of ovarian tissue from superovulated rats is correlated with 
secretion of progesterone (29). This assay is quite expensive to perfofni 
compared to the radioimmunoassay but appears to quantify only bio- 
logically active LH. 

Other bioassays capable of measuring levels of LH in serum have al^o 
been developed recently. For example, assays for LH have been developed 
xvVnch ate based upon the abiYrty oi L.H to sViimhate production o5 proge's*- 
terone in dispersed luteal cells (20) or to stimulate production of testos- 
terone in dispersed testicular interstitial cells (9, 43), In addition to tfle 
added sensitivity, these bioassays arc more precise and less expensive to 
conduct. 

F. HUMAN CHORIONIC GONADOTROPIN (HCG) 

The biological activity of HCG and LH are similar. For this reason it 
may be assayed by any of (he methods described above for LH. As with 
LH, one of the more sensitive bioassays for HCG is the hamster ovulation 
assay (62). The sensitivity for HCG in this assay is less than 0.1 lU. 

A more classic bioassay for HCG is the vaginal comificalion assay (22)- 
Tlic assay is conducted in immature rats and is based upon the ability of 
HCG to promote secretion of estrogens by ovarian follicles. Tlic estrogen^, 
in turn, cause comificalion of the vaginal epUhelium. The assay is con- 
ducted by giving 25-<la\-oId female rats six subcutaneous injections (0.1 
ml each) of HCG at 8-hour intervals. Vaginal smears arc taken at 24. 
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36, and 48 hours after the Iasi injection of HCG, stained with Giemsa 
stain, and observed under a microscope. The percentage of animals show- 
ing cornified smears after the treatment is compared to the response noted 
in rats receiving standard doses of HCG. 

G. PREGNANT MARE SERUM GONADOTROPIN (PMSG) 

The classic bioassay used to quantify PMSG is the immature rat ovarian 
weight assay first described by Cole and Erway (//). Immature rats (25 
days of age) arc given three intraperitoncal injections of the substance to 
be tested at 24-hour intervals. Twenty-four hours after the last injection 
the ovaries arc removed, the bursa is dissected away, and the ovaries are 
weighed. The weight of the ovaries is proportional to the amount of PMSG 
injected. The sensitivity of this assay is approximately 2 lU of PMSG. 

The hamster ovulation assay can also be used to quantify PMSG; its sen- 
sitivity is approximately I lU of PMSG. 

H. PROLACTIN 

The classical bioassay for prolactin is the pigeon crop-sac assay (34). 
The assay is conducted by injecting standard prolactin or test material 
into pigeons daily for 4 days. TTie birds are hilled on day 5, the crop-sac 
is dissected free, and weighed. Alternatively, the surface area of the crop- 
sac may be used as the basis for quantification. It appears that quantifica- 
tion based upon surface area may increase the precision of this assay. 
The original assay utilized the intramuscular route of injection and pro- 
vided an assay sensitivity of approximately 2 lU of prolactin. However, 
it is possible to increase the sensitivity of the assay approximately 1 00-fold 
by injecting the standard prolactin or test material intradermally in an area 
over the crop-sac. 


III. Radioimmunoassay 

Although it has been possible to quantify reproductive hormones under 
some conditions using biological assays, in general, these procedures were 
expensive, tedious, and too insensitive to delect the circulating levels of 
hormones. The methods used for the quantification of the reproductive 
hormones have undergone a virtual revolution since the initial observations 
of Berson and Yallow that antibodies against insulin could be used to 
develop a method for the quantification of this hormone. The observation 
that normal plasma or serum contained a protein capable of binding 
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radioactive adrenal steroids and progesterone {12, 55) was followed I 
development of sensitive assay systems for these steroid hormones {‘16 
Tlie general principles of radioimmtino- and other competitive protei 
binding assays arc the same. The basic concept of radioimmunoassay 
described in Fig. 1. These assay systems arc based on the ability of no 
radioactive hormones to compete for binding sites on the protein ar 
prevent or displace the binding of radioactive hormone. When the qiiantii 
of binding protein and radioactive steroid is maintained constant. If 
inhibition of binding of radioactive hormone to the binding protein 
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a function of the quantity of nonradioactive hormone present in the sam- 
ple or standard (Fig 2) 

The successful development of a radioimmunoassay for insulin was fol- 
lowed by development of radioimmunoassays for a number of protein 
hormones including the gonadotropins and prolactin It was found sub- 
sequently that steroid and peptide hormones could be used as haptens 
for production of specific antibodies These observations led to the de- 
velopment of radioimmunoassays for all of the major steroid and peptidic 
hormones This procedure had such a major impact on quantitative endo- 
crinology that It merits detailed consideration 

A PRODUCTION OF ANTIBODIES 

The antigenicity of any molecule is a function of its size, chemical 
composition, and the degree of foreigness to the animal being immunized 
Large protein hormones (10,000-100,000 MW) are usually quite anti- 
genic, while small peptide hormones (<2000 MW) and steroids are not 
antigenic under normal conditions The number of species which have 
been immunized for production of antibodies to hormones is quite ex- 
tensive and includes rabbits, guinea pigs, sheep, goats, rats, monkeys, 
horses, cattle, and turkeys Rabbits and sheep have been used most fre- 
quently due to the low costs associated with their procurement and care 
and the ease of harvesting the antiserum Large quantities of antiserum 
are unnecessary since a few milliliters of a high-titered antiserum are suffi- 
cient for millions of radioimmunoassay determinations 


Fig 2 Three routine methods for depicting protein binding and/or radioimniuno 
assay data The data depicted are the same in nil three panels and represent mhibi 
tion curves obtained with varying qinntities of a standard or sample (unknown) such 
as serum In the upper panel the nanograms of standard or microhters of unknown 
(X 10 ’) are plotted on an anthmelic scale on the abscissa The counts per minute 
or percentage of radioactivity present m the buffer control tubes has been plotted 
on the ordinates To calculate the percentage of the binding noted in buffer control 
tubes the quantity of radioactivity m tubes to which no standard or unknown has 
been added (bulTer control tubes see first reaction Fig 1) is assigned the value of 
lOO^o and all other data are expressed as a percentage of this value The data in 
Ihe middle panel are plotted in the same manner on the ordmate However the 
quantities of standard or unknown have been plotted on a log scale on the abscissa 
m both the middle and lower panels In the lower panel the data on the abscissa 
have been subjected to a logit transformation The method depicted in the upper 
panel IS usually used for plotting protein binding data When radioimmunoassay data 
were plotted the method depicted m the middle panel uas used and the advent of 
computer analysis brought about ibc method depicted in Ihe lower panel which allows 
easy inaljsis of parallelism between inhibition curves and assessment of lmcaril> It 
IS not possible to evaluate either lincaniy or parallelism using the procedure depicted 
m the upper panel 
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The quantity of antigen used for immunization depends upon a num- 
ber of factors including: (I ) the species to be immunized; (2) the purity 
of the antigen; (3) the characteristics of the antigen (i.e., whether it is 
a pure protein hormone or whether it is a steroid hormone which has 
been linked to a protein carrier); and (4) the method to be used for 
immunization. Tbc methods used for immunization arc as numerous as 
the different laboratories producing antibodies. However, it seems ap- 
parent that the method involving multiple inlerdcrmal injections (60) 
probably makes the most efneient use of valuable antigens and results in 
useful antibody production in a shorter time period. 

Several considerations are important for the development of antibodies 
to small molecular weight hormones. It is necessary for these substances 
to be covalently linked to a large molecular weight protein in order for 
them to be antigenic. In the case of steroid hormones the site on the 
molecule through which it is attached to protein determines the specificity 
of the antibody (47). In order for a steroid-protein conjugate to be maxi- 
mally antigenic there should be at least 20 steroid molecules attached to 
each molecule of protein. 

B. RADIOACTIVE ANTIGEN 

The second component necessary for all radioimmunoassays is a suit- 
able form of the antigen which can be easily quantified and distinguished 
from the naturally occurring hormone in the standards and test sub- 
stances. Radioactive forms of the antigens are most commonly used. 
Radioactive iodine is incorporated routinely into the tyrosyl residues of 
protein molecules for this purpose. Radioiodination can be accomplished 
in a number of ways. However, the two most useful techniques are the 
chloramine-T procedure (24) and the lacloperoxidase procedure (59). 
The chloramine-T procedure is generally used for the radioiodination of 
protein hormones for radioimmunoassay, while the lacloperoxidase pro- 
cedure is generally used for the radioiodination of proteins used in 
radioreceptor assays. The chloramine-T procedure is simple and pro- 
duces compounds with high levels of radioactivity, which makes them very 
useful for radioimmunoassay (SS). However, receptor-binding capability 
is often lost due to chemical damage of the hormone molecule. The 
lacloperoxidase procedure is milder and usually associated with a higher 
residual biological activity of the radioiodinaled preparation. Small peptide 
hormones which contain a tyrosyl or histidyl residue can usually be radio- 
iodinated using procedures similar to those used for large protein mole- 
cules. It is not possible to radloiodinate most steroid molecules directly. 
Most investigators have purchased tritiated forms of these molecules from 
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commercial sources. Others have covalently linked a tyrosyl or histidyl 
molecule to the steroid molecule so that direct radioiodination is possible 
(.S.47). 

C. METHODS FOR SEPARATION OF ANTIGEN-ANTIBODY 
COMPLEXES FROM THE ANTIGEN 

The third important component of a radioimmunoassay system is an 
optimal procedure for separation of free antigen from antigen bound to 
antibody (Fig. 1). One of the major problems in the development of 
radioimmunoassays has been the selection of this procedure. This prob- 
lem has been solved in a variety of ways, particularly in the case of the 
peptide and steroid hormones. The ideal method should provide a clean 
separation of these compounds, yet be unaffected by scrum or other non- 
specific substances in the reaction mixture. In addition, the method should 
be rapid, simple, reproducible, and inexpensive. The methods of separa- 
tion most commonly employed are (1) solid-phase antibodies, (2) 
solid-phase adsorption of antigen, (3) chemical precipitation of antigen- 
antibody complexes, and (4) immunoprecipitation of antigen-antibody 
complexes. 

Early radioimmunoassays for LH (10) and estradiol (1) used poly- 
styrene tubes which had the antibody coaled on the interior surface. In 
this procedure the sample or standard and the radioactive hormone are 
allowed to react in the antibody-coaled lube and the reaction is terminated 
by decanting the reaction mixture. For the assay of LH the residual 
radioactivity in the reaction tube (radioactive antigen bound to antibody) 
was quantified. For estradiol the reaction mixture was decanted into a 
liquid scintillation vial and the nonantibody bound tritiated estradiol 
was quantified. This procedure is very simple, but wastes antibody and 
lacks precision. In addition, when this procedure was used to quantify 
hormones in unextracted serum there appeared to be a decrease in the 
quantity of antibody bound to the tube due to nonspecific exchange with 
serum proteins. Mikhail ct al. (41) used a suspension of polymerized 
antiserum which could be centrifuged directly to effect separation of free 
radioactive hormone from that bound to antibody. Tins assay procedure 
was also simple, but wasted antibody. 

Adsorption of the unbound steroid or peptide hormone to insoluble 
particles such as charcoal, Florisil, Fuller’s earth, talc, and .similar com- 
pounds has also been used to separate free antigen from that bound to 
antibody (13). Several disadvantages are inherent in this method of sepa- 
ration. Most of the adsorbents have some alTmity for antigen-antibody 
complexes as well as for free antigen resulting in removal of some of the 
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complexes from the reaction mixture. In addition, excessive amounts of 
adsorbent arc generally used to elTccl a rapid separation. This necessitates 
critical timing of the reaction so that the contents of each tube receive the 
same exposure to adsorbent. Unfortunately, some adsorbents have a 
greater alTiniiy for antigens (particularly steroid hormones) than do some 
antibodies. Since excessive amounts of adsorbents arc used, considerable 
radioactive hormone may be “stripped** from the antibody during an ex- 
tended reaction. Temperature is also critical since it influences the dis- 
sociation of antigen-antibody complexes. Therefore, most investigators 
have cfTectcd separation at 4®C to limit dissociation. It is very difllcult to 
use adsorption procedures for the development of reliable radioimmuno- 
assays. 

Chemical means to precipitate antigen-antibody complexes have also 
been used to separate free radioactive steroid from that which is bound 
to antibody. Mayes ct al. (37) have used 50% saturated ammonium sul- 
fate to precipitate steroid-antibody complexes leaving the free steroid in 
solution. Polyethylene glycol has also been used very successfully to pre- 
cipitate a variety of antigen-antibody complexes (16). Both of these 
procedures are performed very rapidly and easily but arc not useful for 
large molecular weight proteins. 

Under conditions for radioimmunoassay there is always an excess of 
hormone (antigen) in the assay lube and under these conditions an im- 
munoprecipitate will not form. However, the precipitation of soluble 
hormone-antibody complexes by the addition of a second antibody 
(double antibody radioimmunoassay) to yield insoluble immune com- 
plexes has proved very successful and is the procedure used for most 
protein hormones. The second, precipitating, antibody is prepared against 
a gamma globulin fraction from the species in which the first, hormone- 
specific antibody was prepared (40). For example, if the antibody against 
the hormone is prepared in rabbits, then anti-rabbit gamma globulin 
might be produced in a sheep. In order to ensure the formation of visible 
precipitate, nonimmune serum (as a source of gamma globulin) from the 
species in which the first antibody W'as produced is added to the reaction 
mixture in a final dilution of 1 :50 to 1 :20Q0. This method of separation 
has certain disadvantages. It is relatively slow in comparison to other sepa- 
ration techniques and, when measuring hormones in unextracted serum, 
immunological components in the serum may interfere with the immuno- 
precipitation reaction if the conditions are not carefully controlled. De- 
spite these disadvantages, the second antibody method of separation is 
preferred by many investigators owing to mild conditions required to effect 
a clean separation and high reproducibility of the method. In addition, 
the double antibody procedure is the only separation technique which is 
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reliable and efficient for all radioimmunoassay systems (i.e., it is univer- 
sal). It has also been possible to insolubiiizc the second antibody by co- 
valently linking it to Sepharose which allows the addition of large excesses 
of anti-gamma globulin and results in shortening the reaction time of the 
second antibody precipitation step to as little as 30 minutes This 

later procedure has all of the advantages of both the double antibody and 
other separation methods. 

D. VALIDATION OF RADIOIMMUNOASSAY SYSTEMS 

The largest single problem in the development of radioimmunoassay 
systems is adequate demonstration that the assay measures only the sub- 
stance which it is intended to measure. This characteristic is known as 
the specificity of the assay system. Specificity may be defined as freedom 
from interference by substances other than the one to be measured. Speci- 
ficity of a radioimmunoassay system depends upon the unique com- 
bination of antibody and (he radioactive antigen. Nonspecificity usually 
results from impurities in the antigen used for radioiodination or impuri- 
ties in the immunogen used to produce the antibody. This is a problem 
particularly with the large molecular weight proteins. For example, pitui- 
tary hormones are purified from crude extracts of thousands of pituitary 
glands. Therefore, it is virtually impossible to eliminate all of the con- 
taminating substances from any given preparation of a single hormone. 
This problem is not nearly so important in assays developed for steroid 
hormones or small molecular weight peptides since these compounds can 
be purified totally or produced synthetically. 

The steps necessary to validate a radioimmunoassay are quite easy to 
understand. For example, if one is developing a radioimmunoassay for 
LH it is first necessary to demonstrate that other pituitary hormones do 
not interfere with the assay. Second, if one wishes to use that assay for 
measurement of LH in serum, it is necessary to demonstrate that com- 
ponents in serum, other than LH, do not influence the assay system. It 
is possible to demonstrate that other pituitary hormones do not influence 
the radioimmunoassay for LH by adding purified preparations of these 
hormones to the assay system and ascertaining their ability to inhibit the 
binding of the radioactive LH to the antibody. If the preparations of 
these hormones do inhibit the binding of LH to its antibody then the in- 
hibition curves should be parallel to those obtained with the LH standard 
(sec Fig. 3). Parallelism between the inhibition curve obtained with an 
unknown sample and that obtained with a preparation of LH suggests that 
it is the same substance within each of these materials which is binding 
(o the antibody. If it were a different substance the kinclics of binding 
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FiO. 3. Inhibllion of binding of radioactive LH to antibody with varying quantities 
of pituitary preparations containing high levels of LH, TSH, and FSH or serum from 
a castrated ram or a normal eN^e. The inhibition curves are parallel to each other. 


would likely not be the same as that noted for LH and it would produce a 
nonparallel inhibition curve. Although a lack of parallelism between 
inhibition curves obtained with test substances and those obtained with 
preparations of LH would suggest an invalid, nonspecific assay, parallel- 
ism is not adequate proof of specificity. For example, LH, FSH, and TSH 
are each composed of two subunits designated as n and fi. The a subunit 
is identical for all three hormones while the p subunit is unique for each 
hormone. Since a single antigenic site is usually relatively small (4-10 
amino acids), it is possible for antibodies to be produced against antigenic 
sites contained within the a subunit. Although such an antibody would 
have immunological specificity for that particular antigenic site and in- 
hibition curves obtained with preparations of LH, FSH, and TSH would 
all be parallel, this particular assay system would not be hormone-specfic. 
Therefore, it would not be valid for the measurement of LH. If partially 
purified preparations of FSH and TSH produced inhibition curves which 
were parallel to the one obtained with LH it would be necessary to deter- 
mine if the inhibition was caused by LH contamination of these prep- 
arations. This can be ascertained by comparing estimates of the LH con- 
tent of each of the preparations as determined by bioassay with that 
determined by radioimmunoassay (Table 1). If there is good agreement 
between these estimates, then this is usually sufficient proof that the mate- 
rial that is inhibiting the assay is, in fact, LH and that the assay is specific 
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TABLE I 

Luteinizing Hormone Content of Ovine Pituitary Preparations 


Preparation 

Biological aciivtly (U/mg) 

Bioassay LH'' 

TSH- 

FSH' 

LH' 

LH RIA 

RlA LH 

NIH-LH 

0.054 

0.021 

0.82 

0.86 

0.97 

NIH-FSH 

0.008 

1.37 

0.017 

0.016 

1.06 

NIH-TSH 

1.25 

— 

0.37 

0.43 

0.86 

NIH-Prolactin 

0.0005 

0.008 

0.0003 

0.0003 

1.00 

NlH*Growih hormone 

0,012 

0.11 

0.034 

0.027 

1.26 


" TSH determined by the thiroid uptake m chicks, 

^ FSH determined by the HCG augmentation ovarian weight assa>. 

' LH determined by the ovarian ascorbic acid depletion assa>. 

‘'These data suggest excellent agreement between the bioassa> and radioimmunoassay 
estimates of LH concentration even in those preparations with high FSH, TSH. prolactin, 
and growth hormone contents. 


(see Table I). However, as discussed previously, many bioassays are not 
reliable for estimating low levels of contamination in highly purified pitu- 
itary preparations due to a lack of specificity. In addition, some purifica- 
tion procedures may destroy the biological activity of a hormone molecule 
but leave its immunological activity intact. Therefore, if there is a lack of 
agreement between radioimmunoassay and bioassay estimates of hormone 
potency the next step is to characterize the wsierferrmg swbstaucefsT 
This is usually accomplished by electrophoretic and gel filtration pro- 
cedures {32). These procedures have shown that the bioassay estimates 
were erroneous in most cases. If large quantities of a purified preparation 
of a pituitary hormone do not appear to influence the assay system then it 
is usually safe to conclude that the assay is not inllucnced by this hormone 
(sec NIH-growlh hormone and NlH-prolactin, Table I). 

If the assay is to be used to measure LH in serum (or plasma) then 
inhibition curves obtained with differing quantities of serum should al 50 
be parallel to those obtained with the LH standards. In addition, it should 
be possible to add varying amounts of LH to a constant quantity 
serum and to quantitatively assay each of these additions (sec Fjg. 4)- 
This suggests that other components of serum do not Interfere with the 
estimation of LH. It should also be possible to remove the source of the 
hormone, i.e., in tlic case of LH one would remove the pituitary gland* 
and show that blood levels of the hormone in question become nondclcct- 
ablc. It should also be possible to reproduce various biological data which 
have been reported previously. In the case of LH, for example, it should 
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F»o. 4. A comparison of Ihe qnantiises of 1.H added to 200 of ovine serum and 
the values obtained followring quantification by radioimmunoassay. The level of endo- 
genous LH in the serum has been subtracted from all estimates obtained by radio- 
immunoassay. If perfect agreement had occurred between the quantities of LH added 
and those measured, the regression analysis ^^oulU have indicated a correlation co* 
efficient of 1. 00, a slope of 1.00, and an intercept of 0. 


be possible to show that castration results in an elevation of LH in serum 
while steroid therapy should reduce these levels. Procedures similar to 
those described for LH must be followed to validate radioimmunoassays 
for other protein hormones. 

After the specificity of an assay has been demonstrated it is then neces- 
sary to describe some of the important parameters of the assays’ perfor- 
mance. One of the most important parameters is its sensitivity. Sensitivity 
is defined as the least quantity of hormone that can be distinguished re- 
liably from no hormone. Another criterion which should be evaluated is 
reproducibility which is defined as the extent to which an estimate is 
duplicated upon repeated measurements. The final criterion that is im- 
portant to describe is accuracy, which is defined as the extent to which 
the mean of a number of measurements of a substance agrees with the 
exact amount of the substance which is present. Accuracy is often deter- 
mined by comparing radioimmunoassay estimates with actual values deter- 
mined by some other procedure (i.e., gravimetrically, see Fig. 4). 

When developing a radioimmunoassay for steroid hormones the general 
principles are similar to those used for evaluating assays for protein hor- 
mones. It is necessary to demonstrate that steroid hormones other than 
the one to be measured do not interfere with the radioimmunoassay sys- 
tem. The potential for interference by steroids with closely related struc- 
tures can be evaluated by determining their ability to inhibit binding of 
the radioactive steroid to the antibody. With this information it is usually 
apparent which steroids are likely to cause problems in the assay. For 
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TABLE II 

Comparison of Serum Concentrations of Progesterone by 
Radioimmunoassay with and without Purification of the 
Sample by Thin^Layer Chromatography 


Species 

Number of 
samples 

Range in 
concentration 
(ng/ml) 

Correlation" 

coefficient 

Slope 

Ovine 

37 

0.20-2.00 

0.97 

1.03 


45 

2.00-16.00 

0.94 

0.97 

Bovine 

12 

O.IO-ll.O 

Q.9S 

0.93 

Equine 

12 

0. 10-20.4 

0.98 

0.86 

Canine 

}2 

0. 10-IS^6 

0.86 

l.t9 

Human 

12 

0.I0-I5.I 

0.98 

0.87 


" If there were perfect agreement between the values obtained before 
and after purification of the progesterone in the sample the correla- 
tion coefficient would be 1.00 and the slope of the regression line 
would be LOO. The data depicted indicate that there was excellent 
agreement between the values obtained with and without purification. 

example, dihydrotestosierone might react strongly with an antibody to 
testosterone while estradiol, progesterone and cortisol have no significant 
ability to inhibit the binding of testosterone to its antibody. The next step 
in validation of a steroid radioimmunoassay should be to compare values 
obtained on samples before and after the hormone to be measured has 
been purified using a chemical procedure (see Table II). The methods 
used for chemical purification are usually column, thin-layer, or paper 
chromatography. A final proof of the specificity of the assay is to compare 
values obtained by radioimmunoassay on a number of samples with 
values obtained on those samples using other techniques (Table III). 
Once you have proved the specificity of a steroid radioimmunoassay sys- 
tem it is also necessary to describe the assay system in terms of its sensi- 
tivity, reproducibility, and accuracy. 


IV. Protein-Binding Assays 

The basic principles of the protein-binding assays are similar to those 
of the radioimmunoassay except that a protein with a high afiinily for the 
hormone is used rather than an antibody. Protein-binding assays for ste- 
roid liormoncs have largely been replaced by radioimmunoassay due to a 
greater specificity and higher affinity of the antibodies for the steroid. 
Only recently lias the protein-binding technique been extended to the 
quantification of protein and glycoprotein hormones. 






138 


G. D. NISWENDER AND T. M. NETT 


TABLE tii 

Levels of Progesterone In Serum (ng/ml) 
Determined by Three Methods* 


Sample 

Radio- 

immunoassay 

Competitive 

protein 

binding 

Double isotope 
derivative 

147 

3.7 

3-1 

3.6 

J65 

4.9 

5.3 

5.0 

146 

7.4 

3.1 

7.7 

164 

4.2 

4.2 

7.0 

166 

9.1 

11.6 

8.1 

75 

8.6 

8.2 

9.6 

144 

11.2 

10.5 

14.7 

15! 

19.4 

24.2 

20.7 

167 

31.8 

20.7 

30.7 


« These data indicate excellent agreement regarding the 
progesterone concentrations determmed using the three 
difTerent procedures. 


A. STEROID HORMONES 

The advent of protein-binding assays for quantification of steroid hor- 
mones {46) was a major advance. TTiis was the first technique that did 
not require a large sample volume and extensive purification of the steroid 
prior to final quantification. Although these techniques were first reported 
for quantification of adrenal corticosteroids (46) similar assays were 
rapidly developed for progestins {45), androgens {61), and estrogens 
{28). The binding proteins used for sex steroids were obtained from serum 
or target organs. Receptor molecules in target tissues are generally more 
specific and may have slightly higher affinities than binding proteins in 
serum. 

Corticosteroid'binding globulin (transcortin) has been used for the 
assay of progestins (d5) as well as corticosteroids {46). Transcortin is an 
aj-globuhn present in the serum of most mammals and has a relatively 
high affinity for progesterone. Levels of transcortin in serum increase dur- 
ing pregnancy due to estrogenic stimulation. Therefore, estrogen therapy 
has been used to increase the level of transcortin in donor animals, effec- 
tively increasing the number of assays that may be performed with a 
given volume of serum. Donor animals have also been given large doses 
of synthetic glucocorticoids, such as dexamethasone or flucortisone, 
prior to the collection of blood to depress endogenous glucocorticoids 
which decreases the saturation of transcortin with endogenous steroids. 
Other investigators collect blood from untreated donors and remove endo- 
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genous steroids by adsorption with charcoal. Fuller’s earth, or Florisil. 
This treatment removes steroid molecules from previously saturated bind- 
ing sites. 

In order for steroid molecules to bind to transcortin they must have 
ketone groups at position 3 and 20 and a double bond between carbons 
4 and 5. Hydroxyl groups at positions lljd, 17ir, and 21 of the pregnane 
nucleus result in increased affinity of transcortin for the steroid molecule. 
This indicates that transcortin is not very effective for measuring levels of 
natural occurring progestins, other than progesterone and 17«-hydroXy- 
progcslerone. 

In addition to transcortin, a progesterone-binding protein has been re- 
ported in plasma from pregnant guinea pigs (7). This protein appears 
to be much more specific, has a higher binding affinity for progesterone, 
and is present in higher concentrations in serum than transcortin. These 
three properties make the progesterone-binding protein more suitable for 
the assay of progesterone than transcortin. 

Sex hormone-binding globulin (SHBG) was first used for the assay of 
testosterone by Horton, Kato, and Shcrins (23) and Mayes and Nugent 
(36). SHBG is present in human plasma and appears to be present in 
higher concentrations in women than in men. Levels of SHBG are ele- 
vated during late pregnancy. It appears to bind mainly androgenic com- 
pounds with a 1 7y3-hydroxyl group, but also binds cstradiol-l 7,8 (JS, 37). 
Therefore, if quantification of a single steroid in serum is desired, rather 
than quantification of total 17/S-hydroxystcroids, the substance of interest 
mwsA be pmAed by ebtomatograpby prior \o assay . 

Although SHBG has been used to measure estradiol- 178 >t appears that 
a specific estrogen-binding protein found in plasma of pregnant rats may 
be more suitable. This protein has a high affinity tor estrone and estra- 
diol-178 and does not bind testosterone (56). However, the most com- 
monly used binding protein for the assay of estrogens is obtained from 
the cytosolic fraction of a uterine homogenate (25). This estrogen-binding 
protein is stable indefinitely rvhen stored in liquid nitrogen and has a 
high affinity and specificity tor estradiol-178 and estrone (25). 


B. GONADOTROPIC HORMONES 

Although several competitive binding assays for protein hormones have 
been reported, it has not been possible to universally adapt these for 
measurement of hormones in scrum. The lack of sensitive, competitive- 
protein binding (receptor) assay systems for gonadotropic hormones 
appears related to the affinity with which receptors bind gonadotropins 
(A'a —'lx 10'" molcs/litcr) (9). This affinity is relatively low when com- 
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pared to the aitmity with which antibodies are capable of binding gonado- 
tropic hormones X JO’" moles/liter) (J9). The lower affinity 

results in inadequate sensitivity of receptor assays for measurement of 
gonadotropins in serum. If it is assumed that gonadotropin molecules 
which bind to receptor are biologically active then this assay has the ad- 
vantage of quantifying only biologically active hormones. Conversely, 
quantification of gonadotropic hormones via radioimmunoassay does not 
reflect only biologically active hormones, but is a measure of immuno- 
logically active fragments or subunits of the gonadotropin as well. There- 
fore, it is important that samples to be quantified by radioimmunoassay 
be collected and processed in as mild a manner as possible. 

Radioreceptor assays have been developed for prolactin LH 

(.31), FSH (5J), and HCG (9, 30). These assays employ membrane 
fractions containing the gonadotropin receptors as binding agents and use 
radioiodinaied gonadotropins for quantification. Preservation of receptor 
binding activity of the hormone after radioiodination has been a major 
problem hindering the development of radioreceptor assays. Modification of 
the orignal chloramine-T procedure (24) to make the reaction conditions 
much milder (31, 53) or use of the milder Jactoperoxidase procedure (59) 
has resulted in production of radioiodinaied gonadotropins which bind to 
receptor. The sensitivity of radioreceptor assays far exceeds the sensitivity 
of any of the classic bioassays and approaches that of radioimmunoassay 
and, in some cases, these assays have been used to measure serum levels 
of gonadotropins when they are present in large quantities, i.e., HCG and 
human placental lactogen in pregnant women. 


V. Summary 

Development of our understanding of the complex hormonal inter- 
relationships which regulate reproduction in domestic animals has been 
linked directly to our ability to quantify the hormones involved. Initially, 
both the sex steroids and the gonadotropic hormones were quantified with 
bioassays. These procedures were tedious, expensive, lacked specificity, 
and were not sufficiently sensitive to measure the small quantities of these 
hormones in peripheral blood. However, the data obtained with these 
procedures have generally proved to be correct. Direct chemical assays 
of the sex steroid hormones soon replaced the bioassay procedures. These 
assays were more sensitive and very specific but were still tedious and 
expensive to perform. 

During the last decade our knowledge of the endocrinology of repro- 
duction has increased dramatically due primarily to the development of 
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competitive protein-bmding and radioimmunoassay procedures The pro- 
cedures have proved to be simple to perform, inexpensive, sensitive, and 
specific Therefore, it has been possible for the first time, to quantify re- 
liably all of the major reproductive hormones in small quantities of plasma 
or serum. This capability has resulted in the complete characterization of 
the hormonal changes which occur during different reproductive states 
and forms the basis for the chapters which follow. 
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I. Introduction 

Steroid sex hormones arc transported sia the blood stream to all parts 
of the bodj, jcl these compounds stimulate onI% certain tissues and organs 
To carl) \sorkcrs in the field of drug and hormone action, this simple fact 


143 
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suggested that those organs which did respond to a given hormone must 
contain recognition units or receptors. Othcr\visc, hormones would have 
equal clTects in all cells. In addition to this a priori reasoning for the 
existence of receptors, it was also known that hormones acted at very low 
concentrations, c.g., M. Thus, it was assumed that in order to 

detect these extremely low quantities of steroids a receptor should have a 
high binding afTinity for these compounds. Early investigations of steroid 
hormone receptors were hampered since radioactive steroids of high 
specific activity were not available. Thus, specific binding of "H-steroid 
to a receptor could not be measured because the number of nonspecific 
binding sites for the ®H*steroid was very great. Jensen and his co-workers 
(51) made a major contribution to the study of the mechanism of hor- 
mone action when they synthesized ‘‘H-cstradiol which had a very high 
specific radioactivity. It was then possible to observe differential accumu- 
lation and retention of ’H-estradiol by the uterus, vagina, pituitary, and 
other target organs (5/, 58, 76). Since that time, similar steroid-target 
organ interactions have been observed for all steroid hormones. In this 
chapter we will be concerned with these receptor-steroid interactions and 
how they stimulate and control cellular activity. A genera! scheme for 
these interactions is shown in Fig. I and is to be used as a guide to the 



Fig 1 General scheme for steroid receptor binding. Steroid hormones in the 
blood may be free (S) or bound to btood binders (BBS). Entry into the extra- 
cellular space by either of these forms can result in the dilTusion of S into the 
cytoplasm. The steroid binds to specific cytoplasmic receptor sites (R.) or to non- 
specific sites (NS) to form bound cytoplasm complexes {R.S) and (NSS). The 
R.S complex undergoes translocation to ihc nucleus (R.S) where it probably 
undergoes processing or metabolism to inactive forms (R.S; please note: the forma- 
tion of R.'S complex is only one of the possible pathways by wliich R.S could be 
inactivated) R. is replenished via a recycling and/or resynthesis mechanism and the 
altered steroid (S’) diffuses out of the cell and is excreted (see text for details of 
these reactions). 
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concepts and nomenclature which will be presented in more detail through- 
out the chapter. 


II. Blood Binding, Metabolism, and Tissue Interactions 

The interaction of sex steroids with intracellular receptors depends on 
the quantity of free hormone available for entry into target cells. This 
parameter fluctuates as a function of several variables which are repre- 
sented in Fig. I and are the subject of the following section. 


A. BLOOD BINDING OF STEROIDS 

Sex steroids bind to many of the macromolecules found in blood (BB, 
Fig. 1). The affinity of these blood binders tor steroids varies from very 
weak (K,, ~ 10-'’ M) to very strong (K„ ~ 10-*'’-10-‘' M) and they are 
frequently present in high concentrations (75, 106). Therefore, these pro- 
teins can restrict the amount of free hormone available for receptor bind- 
ing and hence can be important in the control of steroid hormone action. 
Simple measurements of total steroid hormone concentration in the blood 
may lead to erroneous conclusions regarding the level of hormone stimu- 
lation in the tissues. One such binding molecule is testosterone-estro- 
gen binding globulin also called a-letoprote'm (tt-FP) which binds both 
testosterone and estradiol with equal affinity. A',/ ~ 10'"' M (75, 106). 
During neonatal and prepubertal life of the rat, nr-FP gradually declines 
from very high values in the newborn to very low values just before and 
after puberty (.91). Therefore, the quantity of free sex steroid would grad- 
ually increase as the concentration of <r-FP declines. In this manner, in- 
creasing concentrations of steroid are available for cellular interactions. 

Binders of sex steroids which do not demonstrate specific binding may 
also be significant in the physiology of steroid hormones. Scrum albumin, 
a component of vascular and extracellular spaces, has a relatively weak 
affinity for estrogen (K,i ~ 10-’— lO'"' M), but is a significant estrogen 
binder (115). The concentration of scrum albumin in the blood is ~4% 
(~7 X 10 ' 51). At this concentration it can alter the equilibrium dis- 
tribution of steroids in cells and, hence, is important in considering the 
relative potencies of hormones. By way of example, the A,, values for 
complexes of E, and E, with the estrogen receptor at arc 10-'" and 
10 " M. respectively. Therefore, E; should be ten timc.s more potent than 
E,. However, it has been demonstrated that these two hormones arc 
equally effective in the stimulation of early uterotropic events, i.c., events 
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such as water imbibition, RNA, and protein synthesis, which occur during 
1-6 hours after injection (3, 7, 46). This discrepancy between the pre- 
dicted potency and the observed potency results from the difTerenlial 
binding of these steroids to plasma components (6). The affinity of blood 
binders, such as serum albumin, for is ten to a hundredfold greater 
than that for (6). Therefore, when these steroids are injected, the 
amount of £» which is free and available for tissue interaction is much 
greater than the amount of free E... These elevated levels of Ej result in 
approximately equal receptor binding and equal stimulation of early 
uterotropic events (i, 7, 46). (Sec Chapter 4 for symbols of steroids.) 

As shown in Fig. 1, blood binder steroid complexes, BBS, may enter 
the extracellular compartment. If this occurs it is possible that these com- 
plexes serve to direct hormonal signals toward organs with protein perme- 
able vascular beds (57). It has been shown that estradiol increases the 
accumulation and retention of albumin by the uterus while not affecting 
such nontarget tissues as psoas muscle, liver, or brain (34). This accumu- 
lation and retention of albumin, and thus presumably of albumin-bound 
estrogen may be involved in establishing levels of toial estrogen in the 
uterus that are greater than those of the systemic circulation and may be 
maintained at higher levels for longer periods of lime (83). 

B. METABOLISM AND STEROID TISSUE INTERACTIONS 

The quantity of steroid available for receptor binding In vivo depends 
not only on blood binding relationships but also in the rate of metabolism 
and excretion of that hormone (Fig. 1, S-^S'). Thus, the metabolic 
clearance rate, MCR, or that volume of blood required per unit time to 
remove the administered hormone from the body, is very important to 
considerations of biological activity. A rapid MCR will reduce the e.x- 
posure time of a hormone to Us receptor, whereas a slow MCR will in- 
crease exposure time. These factors must be considered in predicting or 
analyzing the biological effectiveness of any hormone. 

Estrogen and progesterone do not depend on the metabolism conver- 
sion for biological activity (5/, 100). That is, once receptor steroid com- 
plexes have formed after steroid entry into the cell, these complexes are 
functionally active. However, caution should be exercised in assuming that 
metabolism is unimportant in all cases since it has been shown that the 
conversion of testosterone to 5a-dihydrolestoslerone is a requirement for 
androgen action in some male sex accessory structures (I, 17, S9). 

In addition, metabolism may be important in the elimination of steroids 
from target tissues. Gurpide and Welch (43) have demonstrated that 
estradiol and estrone undergo extensive interconversion in human endo- 
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metrium and that estradiol is metabolized to estrone before it is released 
from the tissue (also see 42,58). 


III. Cellular Accumulation and Cytoplasmic Binding 
of Steroid Hormones 

A. STEROID UPTAKE BY CELLS 

The entry of steroids into cells from the extracellular space appears 
to occur by diffusion (Fig. 1). Until recently, studies of steroid uptake 
have involved in vivo or in vitro exposure of target and nontarget tissues 
to labeled steroid for extended periods of time {41, 51). Such studies, 
which invariably suggest that a saturable component is involved in steroid 
uptake, more accurately reflect the retention of steroid after its interaction 
with receptors and do not measure the rate of entry of steroid into cells. 
Gurpide and Welch (43), using a double isotope steady-state perfusion 
technic^ue, have shown that a number of steroids enter target and non- 
target tissues with equal facility at a rate directly proportional to steroid 
concentration over a range of 0.2 to 5000 ng/ml (42, 43). Although 
these results do not eliminate the possibility of a carrier-mediated process, 
they are most easily interpreted in terms of simple diffusion. In an attempt 
to differentiate entry and retention, Peck et at. (83) have examined the 
in vitro uptake of ‘'H-estradiol into uteri under initial velocity and equi- 
librium conditions. These studies demonstrated that (1) is not in- 
volved in the entry of estradiol into uterine tissue; (b) entry of estradiol 
is not dependent on metabolic energy; and (c) entry of '^H-estradiol is 
not inhibited by estrogenic agents such as DES; these studies support 
previous suggestions that estradiol initially partitions between medium and 
tissue (target or nontarget) in a nonspecific, passive manner. 


B. RECEPTOR-STEROID BINDING IN THE CYTOPLASM 

Subsequent to entry into target cells, steroids may either bind to the 
cytoplasmic receptor, R., to form a receptor steroid complex, R^S, or 
associate with various low afliniiy binding sites, NS, within the cytoplas- 
mic compartments (Fig, 1). Thus, retention of intracellular steroid under 
equilibrium conditions involves two types of binding sites: a limited num- 
ber liaving a liigh afliniiy and marked specificity and a second class with 
low allinily but a vcr>' large capacity C-^2, 41, 52, 81, S3, 94). These two 
types of binding must be carefully differentiated if accurate measurements 
arc to be made of the number of stcroid-rcccptor complexes. Therefore, 
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the criteria listed below have been established for steroid hormone re- 
ceptors (28). 

1. Receptor Criteria 

a. Finite Binding Capacity. As mentioned in the introduction, the 
biological response to a steroid hormone is a saturable phenomenon. If 
the formation of receptor-steroid complexes is obligatory for the pro- 
duction of a biological response, then the quantity of steroid receptor 
should be limited; hence a finite number of binding sites. This criterion 
should be met by the demonstration that the binding activity of interest 
can be saturated by its specific ligand. 

b. High Affinity. Steroid receptors are expected to have a high 
affinity for their respective hormones. This is anticipated because the 
blood levels of steroid are usually 10**'— 10 " M. a tissue is to respond 
to a hormone via a receptor mechanism in which the hormone associates 
with a receptor, then the receptor must have an affinity for the hormone 
which is in the range of physiological levels; otherwise no response would 
occur. These considerations, borne out for a host of target tissue recep- 
tors, do not rule out receptor interactions of weaker affinity if blood levels 
of steroids are high. 

c. Steroid SPECiriciTY. Generally speaking, a receptor is expected to 
display high affinity for a specific hormone or class of hormones. This 
specificity enables a given target cell to respond to a given hormonal 
signal without interference from other signals. Thus, hormones of the 
same physiological class should compete effectively for their receptor 
while not affecting other receptor systems and vice versa. 

d. Tissue SPECinciTv. Only certain tissues and organs appear to be 
stimulated by the sex steroids. Classically these have been referred to as 
target organs, e.g., uterus, vagina, and mammary gland. If the effects of 
sex steroids on these target organs result from receptor-steroid inter- 
actions, then the quantity of receptor should be higher in target than m 
nonlargci tissues. 

c. CoRRELATtON WITH BIOLOGICAL RcspoN'SE. Implicit in all studies 
of macromolcculcs which bind steroids and meet the above criteria is the 
assumption that this binding results in a biological response. This crite- 
rion, the demonstration of rcccpior-dependent hormonal response, is not 
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often met and is the most difficult to establish The quantity of nuclear 
bound estrogen receptor has been shown to be proportional to the stim- 
ulation of uterine growth responses (4, 7, 77, 75), and in some receptor 
systems it has been possible to show that m the absence of the cytoplas- 
mic receptor no response to the hormone occurs (5, 18, 25, 35, 73, 104) 


2 Physical Characteristics of Steroid Receptors 

Estrogen and progesterone receptors are large macromolecules found 
m the soluble fractions of target tissues Talwar et al {110) first demon- 
strated that cytoplasmic fractions of rat uteri contained a macromolecule 
which binds ^H-eslradioI Subsequently, Toft and Gorski {115) showed 
that this receptor— ’H-estradiol complex moves as an 8 S peak on sucrose 
density gradients These pioneering studies led to extensive investigations 
of the physical characteristics of the steroid receptors which are sum- 
marized m Tables I and II In general, steroid hormone receptors are 
large ellipsoid proteins which are found principally m the cytoplasm m the 
absence of hormone 


TABLE I 

Physical Properties of the Estrogen Receptor 



Cytoplasmic 


Parameter® 

Low salt 

High salt 

Nuclear 

Sedimentation coefficient (S) 

7-9^ 

4' 

45' 

Stokes mdnis (A) 

67 

33 

33 

///. 

\ 65 

1 25 

1 25 

Axial ratio (prolate ellipsoid) 

8 3 

3 4 

3 4 

Isoelecinc point 

6 2 

6 7 

6 7 

Molecular weight 

200 000 

60 000-100 000 

60 000-100 000 

Dissociation constant (Aj) 

10 

“-I0 * A/ 

10 'MO •M 


“All \ilucs used in ihis l^blc arc approximations biscd on the work, of Gorski ei al (.41) 
Gianmpoulos and Gorski (i5) Puca et al Erdos ct al (J’) Chamncss and McGuire 
(19) Jensen and DeSombreW) Puen < / «/ (57) StanccI cr (705) Notidcs and Nielsen 
(77) 

* Scdimcntntion values vary depending on the ionic strength of bulTer [Stnnccl et of (70S) 
and Cinmness nnd NtcGiiire (79)] but gcncnlly in low salt bulTers the estrogen receptor 
Will be ipproxim'itely 8 S 

* Under demturing conditions al! forms of the receptor Invc an S viluc of 3 6 {Stance! 
etol (tOS)] 

•*4 and 5 S forms ire also found in (hcc>iopIasm under certain conditions (Notidcs ind 
Nielsen (77), Jensen mil DeSombre (5J)1 
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TABLE Jl 

Physical Properties ol Ihe Progesterone Receptor* 


Parameter 

Monomeric forms 

Dimer 

A-B 

A 

B 

Sedimemaiion coefficient (S) 

4.2 

4.2 

6 

Stokes radius (A) 

55 

63 


///. 

1.74 

1 9 


Axial ratio 

14 

IS 


Isoelectric point 

4.5 

4 0 


Molecular weight 

no.ooo 

117,000 

227,000 

Dissociaijpn constant 

IP-** M 

10-» M 



“Taken from Schrader and 0'Mallo'<99>; Schrader e/ af. iWD- 


3. Receptor Slates m Ihe Cytoplasm 

The cytoplasmic compartment contains two forms of receptor: unfilled 
sites (R<.) and filled sites (R^S, Fig. 1). Until recently the evaluation of 
cytoplasmic receptor sites was hampered because assay methods only 
mitted the detection of R, (unfilled sites). The measurement of total recep- 
tor was not possible and hence tectpior concentravons were always 
underestimates. The demonstration that total receptor can be measured 
by *H-estradioI exchange has permitted the evaluation of both i^E and 
RoE (nuclear receptor) under physiological conditions and in vivo (2. 23, 
25, 26. 55). The exchange method for the determination of total receptor 
and the difteremialion of filled and unfilled receptor sites is based on the 
temperature dependence of the rate of steroid dissociation. At O' to 4'^C, 
R,E (filled sites) dissociate very slowly with a of 20 to 30 hours (S2, 
98), whereas R, (unfilled sites) readily saturate with ^H-stcroid. How- 
ever, at elevated temperatures, in addition to the saturation of siies^ 
previously filled R.S readily dissociate and bind added ’H-steroid (2. 98)- 
The number of cytoplasmic filled sites, R,S, is normally quite low since 
these associate rapidly with the nuclear compartment (JJ6). This is often 
ignored by investigators and leads to a misinterpretation of the number of 
filled sties in vivo. Williams and Gorski (//d) were first to measure the 
actual amount of R.S in the uterus. They exposed uteri to ^H-cstradiol 
in vitro and then homogenized the tissue in buffer which contained excess 
E-. The excess nonlabeled Ei competes with the free and nonspecificall}' 
bound ’H-c5iradiol that h ax-ailable at the time of homogenization from 
imra- and extracellular spaces for binding to unfilled sites. Therefore, 
the quantity of ’H-csiradiol bound to the receptor at the time of homogen- 
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ization can be assessed. By combining the use of excess steroid in the 
homogenization medium with the 'H-stcroid exchange procedure, one can 
assess filled and unfilled sites in tissues exposed to unlabeled steroid in 
vivo. Therefore, when tissues are homogenized in the cold with excess 
"H-steroid, unfilled sites will be filled with 'H-steroid while filled sites 
remain occupied with unlabeled steroid. By maintaining ice-cold condi- 
tions, unfilled sites can be determined. By briefly elevating the tempera- 
ture after homogenization, those sites (filled and unfilled) will be meas- 
ured. Tlie difference between total sites, as measured by exchange, and 
unfilled sites, as measured in the cold, will represent those cytoplasmic 
sites filled by steroid in vivo. 

A number of investigators have suggested cooperative behavior in the 
interaction of estradiol with the R, {31. 32, S6, 98). However, under 
similar experimental conditions other laboratories have been unable to 
demonstrate cooperative binding (22, 36, 117). In a definitive work, 
Williams and Gorskl {117) have studied the equilibrium binding of estra- 
diol by uterine cell suspensions and whole uteri in vitro. They demon- 
strated simple binding behavior between 5 and 95% saturation of Rc. 
Together with the studies of Peck et at. {S3), in which R„E was shown 
to be a simple function of estradiol concentration, these studies demon- 
strate the simple equilibrium of estradiol with independent binding sites, 
Rc, in a noncooperative manner. 


IV. Nuclear Binding of the Receptor-Steroid Complex 


A. CYTOPLASMIC TO NUCLEAR TRANSLOCATION 

The R,S complex appears to move from the cytoplasm to the nucleus, 
R„S, of target cells (Fig. I, R,S5=iR„S). This conclusion was derived 
from the work of Jensen et oi. (52) and Shyamala and Gorski {103) 
who showed that with nuclear accumulation of bound estrogen there was 
a concomitant depletion of cytoplasmic receptor. The depletion of R, and 
concomitani accumulation of R„ show temporal and stochiomelric rela- 
tionships which fit with the concept of cytoplasmic to nuclear transloca- 
tion (Fig. 2). The experiment shown in Fig. 2 w.ts performed with the 
Tl-eslradiol exchange assay which permits the measurement of the total 
quantity of R, and R,., and therefore reflects the true comparlmentaliza- 
tion of R (2, 28,56). 

The concept of cytoplasmie to nuclear translocation is further .sub- 
stantiated by the observation th.it R,E and R^E complexes share similar 
dissoeialion constants, hormone specificities {85), and sedimentation co- 
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Flo. 2. The effect of estradiol on the quantities of estrogen receptor in the cyto* 
plasm and nucleus. Immature rats were injected with 2.5 jig of estradiol and the 
quantity of receptor in the cytoplasmic (O) and nuclear (#) fraction were defer* 
mined by the ’H-estradiol exchange assay 


efficients under denaturing conditions ( 108 ). The translocation process 
also occurs as a function of fluctuating blood levels of estrogen during 
the estrous cycle { 23 ). These observations, in addition to the thermo- 
dynvtmic considerations made by Williams and Gorski { 1 17 , sec Section 
11I,B,3), indicate that the R„S complex is derived from the R^S complex 
by a translocation process. 


B. NUCLEAR ACCUMULATION AND RETENTION 
OF THE RECEPTOR-STEROID COMPLEX 

The binding of the R„S complex to nuclear sites probably involves at 
least two kinds of sites on chromatin (Fig. 3): nonacceptor sites, N, 
(nonspecific binding sites), which arc in large numbers, serve to maximize 
the probability that nuclear binding of the RnS complex will occur, and 
acceptor sites, A. which are limiting and in small numbers. TTic binding 
and retention of the R„S complex to a small number of nuclear sites, 
possibly acceptor sites, is correlated with growth responses in the uterus 
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GROWTH 





NONACCEPTOR SITES 
(Large Number! 


.NO GROWTH PROOXING 
RESPONSES 


GROiVTH PRODXTION 

Flo 3. Interaction of receptor-estrogen complex with specific acceptor sites on 
chromatin. Receptor estrogen complexes (RE) bind to two types of nuclear sites; 
nonacceptor sites (N) and acceptor sites (A) RE binding at A sites results in the 
stimulation of RNA synthesis which In turn leads to a stimulation of protein syn- 
thesis For details see text. 

( 3 , 24 ). These conclusions were derived from experiments in which nu- 
clear accumulation and retention of the receptor was correlated with the 
extent of uterine growth (Fig. 4). The growth of the uterus 24 hours 
after an estradiol injection is maximally effected by O.I /xg of E. (Fig 4). 
Maximal uterine growth correlates with the translocation of 10 to 209& 
of R. to the nuclear fraction 2-4000 sites/ccll) and with the quantity 
of sites that undergo long-term retention in the nucleus (longer than 4-6 
hours) (Fig. 4). Thus, the number of R, sites ( 15-20,000/ccll) exceeds 
the number required for maximal uterine growth and the retention of 
10 to 209c of these sites in the nucleus for longer than 6 hours is corre- 
lated with maximal growth. Tlic relationship between nuclear retention 
and uterine growth is also demonstrated in Fig. 5 (7). In these experi- 
ments, animals were injected with equal quantities of E or E, and nuclear 
retention and uterine growth were measured at \anous intervals there- 
after. The rapid accumulation of R„E. and R,.E, b> the nucleus correlates 
with the siimulaiion of early ulcroiropjc events and, as predicted from 
the number of complexes, the two hormones arc of equal potcnc) in this 
regard. However, the size of the uterus declines rapidly following E> 
treatment, whereas E. stimulates iruc uterine growth as rencctcd by in- 




ACCEPTOR SITES 
(Small Number) 
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creases in dry weight and protein content. TTius RnEa complexes are 
cleared from the nuclear compartment within 6 hours while RnEj com- 
plexes remain elevated for some time. 

These results demonstrate that the mere stimulation of early uterotropic 
events does not lead to true uterine growth. It is clear that estriol is as 
efficacious as estradiol in the stimulation of early uterotropic events, yet 
this compound does not produce significant true uterine growth as re- 
flected by dry weight. TTiis failure of estriol to produce true growth 
appears to be due to the loss of the RaE, complex from the nuclear com- 
partment. Thus, RnEj complexes remain within the nucleus for longer 
periods of time than RoE, complexes, perhaps at a limited number of 
nuclear sites. This long-term retention may be necessary for the sustained 




tSTRAOIOL INJECTED pjg) 

Tig 4. Rctaijon^hip belween ihe amount of reeeptor-cstrogcn complex in 
nuclem a function of time and m»e ulerine prov.th. Immature rats were in/ected 
with \arfOus quantities of estradiol and the amount of receptor -estrogen compfex was 
determined in the nuclear fraction ai I. 3, and 6 hours after the injections (A)- 
Twent)-four hours after the injeciions, the uterine weight was determined (K). 
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Fic. 5. Relationship between uterine growth and retention of the receptor-estrogen 
complex by the nucleus Immature rats were injected with 10 /zg of the estra- 
diol (Es) (•) or estriol (EO (O) and the quantity of receptor-estrogen complex 
m the nucleus \sas determined at various times by *H-eslradiol exchange Uterine 
weights were measured at the various times shown The cross-hatched area represents 
the control levels of nuclear RE and uterine weights in saline injected controls 

stimulation of nuclear events that arc important for the production of 
true uterine growth. The suggestion that long-term retention of hormones 
in tissues was necessary for full response has been made by olhcr in- 
vestigators (64, 112). Dimcihylstilbcstrol (DMS) and 1 6-oxocstradioI 
arc “weak” estrogens and do not cause vaginal cornificalion after a single 
injection. However, repeated injections of these compounds docs cause 
full vaginal cornificatjon (64). Wc have shown that injection of cslriol 
every 3 hours for 15 hours results in uterine growth that is equivalent to 
that produced by one injection of estradiol (7). Continuous exposure to 
cslriol has also been shown to facilitate mammaiy tumor formation 
equally as well as estradiol (97). Thus continuous occupancy of receptors 
by an estrogen, regardless of its relative potency, will cause full biological 
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response. In the past, has been called a “weak” or an “impeded” estro- 
gen (.47). It is clear from the above observations that this nomenclature 
needs revision. Instead of “weak,” short-acting might be a more valid 
term for estrogen like DMS, E,, mesestrol, and 16-oxoestradioI. 


C. NUCLEAR BINDING MECHANISMS 

The precise interactions that occur when RnS binds to sites on chroma- 
tin are not known. However, O’Malley and his co-workers (SO) suggested 
that the RnS complex binds to specific nonhistone proteins, NHP, and 
that these proteins represent acceptor sites (Fig. 6). The binding of the 
receptor progesterone complex to oviduct chromatin is dependent on the 


progesterone 



Open Cene 


t'lij. 6 H>pothctical scheme for gene actuation by the receptor procestcrone com- 
plex ll> The progesterone receptor is composed of two subunits. A anJ B. Lach 
subunit bimh a progesterone motecutc (ID The receptor progesterone complex binJ* 
to an acceptor protein on DN \ (111) The binding of the H subunit of the receptor 
progesterone complex m 11 results m a dtssociabon of the A subunit which is free 
to bind to specific sites on the DNA strand. <!V) The binding of subunit A to the 
binding DNA site results in a “melting” out of the DNA strands and opens the gene 
for transcription b> RNA poljmerasc- 
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presence ot these nonhistone proteins from oviduct nuclei, and not on 
histones (SO) Furthermore, acceptor capacity could be transferred to 
nonoviduct chromatin by the oviductal NHP fraction (707) Therefore, 
It has been suggested that these nonhistone “acceptor” proteins might 
define specific sites on the genome with which the R„S complex can bind 
and interact The result of this specific binding would be the activation of 
appropriate genes (Fig 6) Recently Puca et al (SS, S9) have isolated 
a protein fraction from uterine nuclei which binds the estrogen receptor 
in a specific manner These sites are in excess of the number of “accep- 
tor” sites as defined in Section IV,B and Fig 3 and their relationship to 
these sites is presently not clear 

It has been suggested that steroid receptors are composed of two sub- 
units, each of which binds steroid (100) The progesterone receptor m 
the chick oviduct is composed of two dissimilar subunits subunit B, that 
binds to nonhistone chromosomal proteins (acceptor) discussed above, 
and subunit A, which binds to DNA (Fig 6) In this model the A B 
dimer steroid complex enters the nucleus and the B subunit recognizes 
and binds to acceptor sites on chromatin These acceptor sites are located 
near the DNA binding site (or the A subunit The A subunit may dis- 
sociate and bind to DNA, presumably in a nucleotide sequence-specific 
manner This binding interaction results m the activation of a specific 
gene In this way the acceptor protein may designate appropriate genes 
and thereby direct the actions of the R„S complex (707) These inter- 
actions and characteristics are summarized in Fig 6 

The mechanism by which the R„S complex is released or processed 
in the nucleus is not known and the changes winch are shown in Fig 1 
(R,S — > R„'S — > S') are strictly speculative Many other possibilities exist 
whereby the R, S complex could be processed or deactivated, and these 
arc under active investigation at the present lime 


V. Steroid-Induced Responses 

Csirogcn and progesterone inilucncc the activity of many tissues and 
organs, however, none have been studied as extensively as the uterus and 
the chick oviduct Therefore this portion of the chapter will be concerned 
only vviih Ihc elTccts of estrogen on Ihesc two organs 

A EARLY UTEROTROPIC RESPONSES 

^^llhIn the first I to 2 hours after an injection of csirogcn many pro- 
cesses arc attivaled in the ulcrus Tlicsc include histamine mobilization, 
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hyperemia, lysosome labilization, increased RNA, lipid, and protein syn- 
thesis, water imbibition, and increases in precursor uptake (Table IH)- 
Various investigators have proposed mechanisms by which these early 
events cause uterine growth. These proposed mechanisms invariably in- 
clude a cascade mechanism by which a primary^ response sets off sec- 
ondary and tertiary responses that ultimately culminate in the production 
of true uterine growth (,10, II, 109). 

As pointed out earlier and as shown by several investigators, “weak 
or short-acting estrogens like estriol wilt stimulate all early responses. 
However, single injections of these compounds do not cause true uterine 
growth (Table III). From these obser\’ations it can be concluded that a 
cascade phenomenon, which is stimulated by a primary' event, is very 

TABLE lU 

Coftipaftson of Esfrogen-tnduced Responses by "Potent," Long-AeUng Estrogens 
and ‘‘Weak,’* Short-Acting Estrogens* 


Long acting Short acting 

Es- Djeih>l- Dimeihjl- 

(radiot slilbestrol Estriol stiJbestrol 

(Et> (DES) (E,) <D^fS) 


Early responses <1-6 houn) 


1. Histamine mobiiiraiion 

+ 


+ 

4- 

2. Hyperemia 

+ 

+ 

-b 

+ 

3. Wet weight increase 

+ 



+ 

4. Increased glucose oxidation 

+ 

+ 

+ 


S. Increased tipid s^mhests 



+ 


6. Synthesis of induced protein UP) 



+ 


7. Early RNA polymerase activity 

+ 

+ 

+ 


( 1 -4 hours) 





8. Nuclear and nucleolar s«ec)iances 

+ 



-f 

9. Increased precursor incorporation 

•f 

+ 



RNA and protein ( 1 -4 hours) 





10. Increased initiation sites on chromatin 

+ 


+ 


Late responses (6-48 hours) 





1. Continued stimulation of RNA 

+ 


_ 


polymerase I and II 





2. Increase general protein synthesis 

+ 


_ 


3. Increase DNA synthesis 

-1- 

+ 



4. Cellular hypertrophy and hyperplasia 

-f 

+ 

- 



• These data base been taken from the work of MueUcr ei al. I74)x Srego ilOOy. Glasscr 
et al. (J7). Corskj et at. <-#0), Clark n al. i24y, Andmon et ul. (7), KaUencUenbogen and 
Gorski (55). 
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unlikely Instead, these and other observations (see Section IV,B) sub- 
stantiate the suggestion that long-term nuclear retention is correlated with 
the stimulation of true uterine growth (7) It appears that “weak” (short- 
acting) estrogens such as E, and DMS do not possess the capacity to 
cause long-term nuclear retention of the receptors and, as a consequence 
of this deficiency, they fail to sustain the requisite responses which pro- 
duce true growth 

The role of these early responses should not be minimized, however, 
because they undoubtedly play a very important role in the preparatory and 
supportive events that maximize conditions for uterine growth An exam- 
ination of the obligatory uterotropic response pathways and how they 
relate to these early events is one of the most important areas of research 
in the field of estrogen action As an example, the relationship of estro- 
gen induced RNA polymerase activity to the stimulation of true uterine 
growth IS discussed below 


B STIMULATION OF RNA AND PROTEIN SYNTHESIS 

Estrogen administration stimulates RNA and protein synthesis m the 
uterus The earliest detectable increase occurs within 2 minutes and 
reaches a maximum by 20 to 30 minutes (44, 65) The activity then 
declines and remains low for 2 hours This is followed by an elevation in 
activity which remains high for at least 24 hours (44) This early effect 
of estrogen on RNA synthesis is blocked by actmomycm D but not by 
cyclohexiniide (65) These data suggest that the effect of estrogen on 
RNA synthesis is direct and does not involve protein sjnthesis 

Recently several groups have reported an early, within 15 to 30 min- 
utes, increase in very high molecular weight (DNA-like) RNA and have 
suggested that the marked increase in total RNA which follows may be 
dependent on this early appearance of mRNA (60) Complimentary to 
these results on high molecular weight RNA has been the observation that 
E treatment results in a comparably early increase in endogenous nuclear 
RNA polymerase II (transcribes mRNA) activity which is followed, after 
E admiiiislralion (2-4 hours), by an increase in the activity of RNA poly- 
merase I (transcribes rRNA) and a second rise in RNA polymerase II 
activity (73, 37) 

A number of laboratories have reported the stimulation of chromatin 
template capacity within short periods of time following estrogen admin- 
istration (9, 37. Ill) Chromatin icniplatc activity estimates the pcrcent- 
•ige of the total genome which is available for transcnption by the endo- 
genous nuclear RNA polymer.iscs Schwartz cl nl (102) and Tsai cl al 
(114) have modified the template assay so that the number of initiation 
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sites for RNA polymerase binding can be determined. This assay has been 
used to demonstrate that estrogen causes marked increases within 30 
minutes in the number of polymerase initiation sites on chick oviduct 
chromatin (54, 114 and see below). Similar studies have shown that estro- 
gen also stimulates a rapid elevation in the number of initiation sites on 
uterine chromatin (S. Glasser, R. Schwartz, and J. Clark, unpublished). 
Therefore it is likely that during early estrogenic stimulation of the uterine 
genome the receptor estrogen complex may "open up" or make accessible 
more DNA sites for RNA polymerase. This proposal will be discussed 
further in Section V,C. 

An increased number of initiation sites for polymerase binding and DNA 
transcription should produce specific mRNA’s which are responsible for 
the translation of specific proteins. The model system that has proved most 
useful for the study of specific RNA and protein synthesis is the chick 
oviduct. This organ is unditTerenliated and atrophic in the 7- and S-day-old 
chicken. Administration of estrogen causes marked growth of the oviduct 
and the differentiation of three types of cells (79). The cell type that pre- 
dominates is the tubular gland cell which makes large quantities of the egg 
white protein, ovalbumin (82). Therefore, the estrogen-treated oviduct 
should contain ovalbumin mRNA. In order to prove the existence of oval- 
bumin mRNA it was necessary to show that oviductal RNA would stim- 
ulate the synthesis of ovalbumin in a cell-free system for the translation of 
mRNA. For this purpose 8 S-17 S RNA from oviduct polysomes was ex- 
tracted and used in the rabbit reticulocyte translation system (67, 93) as 
diagrammed in Fig. 7. [t was possible to show that while no detectable 
ovalbumin mRNA exists in an unslimulated chick oviduct, estrogen admin- 
istration caused marked increases in ovalbumin mRNA and that estrogen 
withdrawal results in a rapid decline in the quantity of mRNA (29). In- 
direct evidence that estrogen also stimulates increased synthesis of mRNA 
for glucosc~6'phosphaie dehydrogenase in the uterus has been provided by 
the work of Smith and Barker (105). 

A more sensitive method for the detection of mRNA involves the use of 
‘H-DNA copies of the mRNA in question (12). Reverse transcriptase (^ 
RNA-directed DNA polymerase) is used to make ’H-labelcd DNA copies 
of purified ovalbumin mRNA. thus producing a labeled DNA copy of the 
mRNA. This 'H-DNA can then be used as a highly specific and ver>' sensi- 
tise probe for the detection and quantification of ovalbumin mRNA. With 
this method the number of mRNA copies that arc stimulated by estrogen 
has been calculated to be 15,000/ccU. After withdrawal of estrogen Ih'^ 
number declines dramatically to —lo/ccll. From these elegant studies 
the cridcncc for the .stimulation by estrogen of specific mRNA's appear* 
to be scry conclusive (SI). 
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I SUmuIafion of Gene Transcription and inRNA Translation 
inOES Treated Ovtduct 


ovalbumin 

gene 


x|x:>6bc<|x: 


^H-Adenosl ne ovaibu ml n 

tnRNA 


ndtNA* bound to polysomes 



H RNA Ertradlon from polysomes 
and fractionation of rnA by 
Sucrose density gradfenf centri- 
fugation 



15 Identification cf 

labeled ovalbumin 
byliTimunopreclpitation 


m Translation ri mRNA 
In rabbit reticulccyte 
system 



Ovalbumn 


Fig. 7. The identification and measurement of ovalbumin mRNA in estrogen- 
stimulated chick oviduct. The details of this experiment are described in the text. 


The demonstration that progesterone operates in a similar fashion was 
more difficult because progesterone causes less dramatic changes m protein 
synthesis. In addition, progesterone causes no marked changes in RNA 
synthesis and the polysome profiles are unaltered { 66 , 79 ). Progesterone 
docs stimulate the synthesis of an egg white protein, avidin. However, 
avidin constitutes ~0.1% of the total egg white protein { 81 ). Thus, the 
detection of a progesterone-induced mRNA for avidin is extremely difficult 
when compared to the detection of the mRNA for ovalbumin. The dis- 
cover)' that some mRNA’s have long polyadenylate residues at the 3Mermi- 
nal end of the chain and that these RNA's adsorb to nitrocellulose filters 
enabled investigation to detect and identify the mRNA for avidin { 14 , 95 ). 
With this method small quantities of avidin mRNA can be detected in the 
presence of large quantities of other RNA's. Avidin mRNA is present in 
the 8 S-17 S polysomal RNA fraction from the progcslcronc-trcatcd ovi- 
duct and has a 9 S sedimentation coefficient. This value corresponds to 
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a mRNA that would code for a protein of approximately 15,000 daltons, 
the subunit size of avidin (_ 20 ). A single injection of progesterone causes 
a significant increase in avidin mRNA by 6 hours and maximum concentra- 
tions are achieved by 18 hours { 20 ). From the above it can be concluded 
that estrogen and progesterone stimulate the synthesis of specific mRNAs 
which are responsible for synthesis of new proteins which alter cell 
functions. 


C. RELATIONSHIP BETWEEN RNA POLYMERASE ACTIVITY 
AND UTERINE GROWTH 

Estrogen causes growth in both the uterus and oviduct. Growth results 
from increased synthetic activity which produces cellular hypertrophy and 
hyperplasia (92). We have suggested that estrogen stimulates growth by 
virtue of its ability to form a hormone receptor complex which binds to 
specific acceptor sites on chromatin. This binding, which must be main- 
tained for relatively long periods of time, appears to be involved with the 
stimulation of specific RNA and protein synthesis. The precise relation- 
ships between hormone receptor binding in the nucleus and nuclear events 
which produce true growth are not known. However, we have endeavored 
to explore these relationships by studying the differential effects of various 
estrogens and estrogen antagonists on RNA polymerase activity and uterine 
growth. In this manner we hope to dissect from the myriad of estrogen- 
induced responses those which are necessary, i.e., obligatory, for the pro- 
duction of true growth. 

In these experiments estriol, E , and Nafoxidine, N (Upjohn 1 1,100-A). 
were used as examples of a short-acting “weak” estrogen and a long-acting 
“weak” estrogen, respectively, and compared with estradiol, E.., a long- 
acting potent estrogen. All three compounds stimulate the activity of RNA 
polymerase 11 which reaches a peak at 1 hour and declines rapidly to con- 
trol levels by 2 hours (Fig. 8). This activity is undoubtedly related to the 
early RNA synthesis that was discussed in the previous section. Estradiol 
and Nafoxidine treatment results in a second rise in polymerase 11 acti\ity 
by 4 hours, which remains elevated for some lime. However, this second 
increase in pol>mcrasc II activity is not seen in Entreated animals. Since 
Ej docs not produce true uterine growth under these conditions, n'c con- 
clude that this second rise in polymerase II activity is an obligatory step 
in the production of true growth (46). This rise may be responsible for 
the increased synthesis of these mRNAs required for cellular hypertrophy 
and hyperplasia. In addition to stimulating polymerase 11. each of these 
hormones cics’atcs the activity of polymerase I within 4 hours after injec- 
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Fig 8 Time course of nuclear RNA polymerase I and II following hormone >n- 
jeclions. Animals were injecled with either estradiol, estriol, or Nafoxjdine as de- 
scribed in the text. At indicated times, uteri were remosed, nuclei isolated, and 
endogenous RNA polymerase activities determined All points represent six to nine 
determinations. (A) RNA polymerase II activity; (B) RNA polymerase I acti\ity. 
E-, • •; E„ O O; N. A. A 

tion. However, the efTcct of Et is transient and the enzyme activity fades 
rapidly (Fig. 8), 

The failure of Et to stimulate a second rise in polymerase II activity or 
sustain polymerase I activity is correlated with the short-term residency of 
the RhE^ complex in the nucleus (Fig. 5). On the other hand, treatment 
with E^ or N results in long-term nuclear retention of the receptor by the 
nucleus (25). These corollaries and concomitant stimulation and sus- 
tained activity of poljmcrasc I and II (*f6) can be extended in the case of 
Ej and N. Nafoxidinc treatment results in receptor retention for long 
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periods of time, up to 19 days in the immature rat uterus (25, 26), "'hi e 
the retention of R„Ej is approximately 24 hours. As shown in Fig. 8, 
treatment with N results in sustained stimulation of both RNA polymerase 
activities to a much greater extent than E^, which is probably related to its 
extended retention at nuclear sites. Proof of the relationship between nu- 
clear retention and uterine growth can be demonstrated by administering 
El in a continuous manner, either by serial injection every 3 hours (7) or 
by pellet implant (J. Clark and E. Peck, unpublished). Under these condi- 
tions, El is a potent estrogen, producing long-term continuous retention o 
the receptor by the nucleus and resulting in marked uterine growth. 

TTiese experiments together with those in the preceding sections, suggest 
that the receptor hormone complex, RaE, binds to and is retained at spe- 
cific nuclear sites. The initial binding results in increased template actiMt) 
and opening up of gene sites, which results in the early peak m polymera^ 
II activity. The products of this burst of RNA transcription are probab) 
involved in but not the primary cause of true uterine growth. True utenne 
growth is seen only with a second elevation in polymerase II, as obsen’fd 
for Ei and N, but not for E^. The continued stimulation via 
retention of the R„E complex causes the sustained elevation of polymerase 
I activity required for the enormous increases in ribosomal RNA synthesis. 
Thus, the stimulation of the genome by the R„E complex produces lafS® 
increases in all classes of RNA which are involved in the qualitative and 
quantitative changes in protein synthesis observed when uterine cells gro". 

The template activity of chromatin increases rapidly following estrogen 
administration and, as discussed m the previous sections, this increase is 
associated with a rapid elevation in RNA polymerase II activity. These 
activities are assumed to be associated with an increased number of pol>" 
mcrase initiation sites on chromatin. However, they could be due to elonga- 
tion of existing RNA chains, reinitiation of existing sites, and/or increased 
number of polymerase molecules in an active state. These initiation sites 
can be measured and it has been shosvn that estrogen treatment causes 
dramatic increases in the number of polymerase initiation sites on 
chromatin. In these experiments the quantity of receptor in the oviduct 
nucleus increases dramatically after an injection of DES and this precedes 
the stimulation of RNA polymerase initiation sites (54). Both of these 
events precede the appearance of ovalbumin mRNA, thus establishing the 
appropriate temporal sequence of events ( 1 14). The relationships between 
the number of receptor binding sites in the nucleus and the number ot 
initiation sites for RNA polvmcrasc is not clear at the present time, ho"- 
ever vve have been able to show close correlations between these param- 
eters during growth of the oviduct and during regression following hormone 
removal (54) 
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The results of these experiments indicate that the receptor-steroid com- 
plex binds to specific sites on chromatin and that this binding results in 
the opening up of initiation sites for RNA polymerase. This could be 
accomplished through a mechanism by which the binding of the R„E com- 
plex partially or totally melts out the DNA of that region which, in turn, 
opens the DNA for binding by polymerase molecules (Fig. 9). The 
polymerase molecule then transcribes the DNA (gene) and produces new 
and/or more RNA which in turn is responsible for increased protein syn- 
thesis. These proteins are involved in altering and controlling cell func- 
tion and growth or may be secretory products of the tissue. However, as 
pointed out earlier, the mere act of “turning the genome on” is not suffi- 
cient to cause true growth of the uterus. Therefore, in any model of steroid 
induction of growth, a nuclear residency factor must be considered. 



Unrepressed Repressed 

gene gene 




1 11 . *1. Gene nclis.ilion .ind cslropcn receptor bindinp A rcccpIor-cMroecn com- 
pter IRL) binds to an acccplor rirc <AI rrhich le bound lo D.VA. Tins intcr-iclion 
rcrtillr in a “mctlinp out” of Ihc ndjiccnl DNA rcpion (penc) rrhich opens op the 
DNA for RNA polsmcrnrc bindinp The potrnicrnrc niotcciilcs arc then free to 
tranrenbe the DNA into RNA 
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VI. Interactions between Steroid Hormone Receptors 

In the previous sections of this chapter the action of each hormone was 
considered separately. However, it is clear that hormones interact to modify 
and sometimes antagonize each other. These interactions have been recog- 
nized at the physiological level for many years, but only recently have the 
mechanisms of these interactions begun to unravel. 


A. ESTROGEN AND ITS CONTROL OF THE 
PROGESTERONE RECEPTOR 

The uterus is relatively insensitive to progesterone unless it has been 
exposed to estrogen,* Thus, progesterone treatment in a nonestrogenized 
uterus will not produce a secretory uterine epithelium {92); however, with 
estrogen priming progesterone has dramatic effects on the production of 
secretory responses. Since it is generally agreed that progesterone acts by 
binding with a specific receptor (see Section ni,B), these observalions 
may be explained a priori by assuming that estrogen priming stimulates 
the synthesis of the progesterone receptor, thereby enhancing the ability 
of the uterus to respond to progesterone (30, 33, 34, 48, 71, 72, 90). 
Leavitt ct al. (6/) demonstrated dearly that estrogen was required for the 
maintenance of the cytoplasmic progesterone receptor in the hamster uterus. 
In these studies, hamsters were ovariectomized at proestrus and the quan- 
tity of cytosol progesterone receptor measured as a function of lime (sec 
Fig. 10). The quantity of receptor fell dramatically and reached low levels 
by 2 weeks. Estrogen treatment al this time caused a marked elevation to 
proestrus levels within 24 hours. From these observations it can be con- 
duced thar escrogen sfrmafafes rftc uterus to produce more cjToso? 
gcsierone receptor, probably by de novo synthesis. Thus, estrogen sets the 
stage for the binding of progesterone which is a prerequisite for progeste- 
rone action. 


B. CONTROL OF THE ESTROGEN RECEPTOR BY PROGESTERONE 

Progesterone has long been considered an antagonist of estrogen action 
(62), The delicate balance and intcraettons between these ovarian hor- 
mones arc essential for many reproductisc functions. Earlier studies in the 
chick oviduct and rodent uterus have shown that the simultaneous adminis- 
tration of progesterone and estrogen resulted In inhibition or modification 

* A major exception lo th»» tiaiement n the observation b> Glasscr 
(IrciUual response can be produced m rats«ftich have received only propestcronc. 
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Proeslrus 



Fig. 10 Effect of ovariectomy at proestrus on the concentration of uterine pro- 
gesterone binding sites. Results for the cycle (# #) are provided for comparison 

The concentration of binding sites declined more slowly after ovariectomy at proestrus 

(O O) than between proestrus (P) and estrus (E) m intact animals Estradiol- 

17p treatment (Es « 15 /ig/day) initiated 14 days after ovariectomy restored 
the concentration of progesterone binding sites to the proestrus level (A A) 

of estrogen-induced growth of these target organs (16. 66, 78). Since the 
source of progesterone antagonism of estrogen action is likely to involve 
estrogen receptor function, the effects of progesterone on the estrogen re- 
ceptor have been the subject of recent investigations. Neither initial binding 
of estrogen to the cytoplasmic receptor, Rc, nor the translocation of the R^E 
complex to the nucleus is inhibited by progesterone (2, 113). Hence the 
source of its antagonistic effect does not Jic at these levels. 

One of the ways that progesterone could antagonize or modify estrogen 
cITects is by interfering with receptor availability, i.c., reduced R, synthesis 
or rcutilization. This mechanism has been suggested by several laboratories 
(15, 63, 69). Recent work from our laboratory indicates that progesterone 
interferes with the replenishment of the cytoplasmic estrogen receptor 
and this reduction of R. is correlated with a diminished or modified sen- 
sitivity of the uterus to estrogen (49, 50, 68). As shown in Fig 12, c>to- 
plasmic receptor replenishment appears to involve two phases. Tlic first 
phase, 4~S hours after estradiol injection, may represent a rec 3 ’cling of Rr 
which is not blocked by progesterone (Fig 11). The quantity of R^ that is 



168 J. H. CLARK, E. J. PECK JR., AND S. R. GLASSER 


pKyz!)!^ 


4 S 12 16 ?3 ?4 

TD.*£ IhxfSl 

Fio. 11. The antagonUm of esirosen receptor replenishment by procesJeronff- 
Estrosen-prJjned immature rats received either esiradioJ (•) or estradiol plus 
gesierone fO) at lime zero. The quantity of otoplasmic estropen acceptor 
measured by the exchange assav at various times after »n}eciiox 

replenished is equal lo that svhich was depleted, suggesting that recs'cHng 
through some deactivatjon-rcacih'alion mechanism could exist and account 
for this phase of replenishment. The second phase, S-24 hours after injec- 
tion, may involve the svTithesis of R,, which is blocked by progesterone 
treatment. The quantity of R. that is replenished during phase two is ap" 
proximaiely 50^ greater than the quantitv- of R, which was initially present 
so that after both phases R- is approximately )509c of control. These data 
suggest that R, replenishment in estrogen-primed animals may be accom- 
plished b> two mechanisms: ( I ) a recjcling of existing. R following nucleaf 
accumulation, w hich is not blocked by the presence of progesterone; 

(2) a synthesis of new R which is blocked by progesterone- A recvcling 
process for glucocorticoid receptors that does not involve RN'A and protein 
sjnthesis has been proposed by other investigators (70, 96). The mvol'S' 
ment of protein ssmihesis in the replenishment process has been suggested 
by GorsU (39) and Odiowski and Muldoon (21). Recently, Mester and 
Baulicu (68) suggested that the replenishment of R,. in uteri of immature 
rats involves two separate processes. The first process, 0-6 hours aft-’^ 
injection, could not be blocked by cyclohextmide, whereas the second 
process, 6-11 hours after injection, was dependent on protein svnthesi?- 
Thus, in cell types which grow m size or number in response to a steroid 
hormone, R, replenishment mav involve both recycling and synthesis of 
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new receptor, whereas in cells that do not grow in response to their target 
steroid, Re replenishment may involve only recycling. The possibility that 
Rt replenishment is accomplished in some cell types by recycling and in 
others by synthesis cannot be ruled out. However, this seems unlikely since 
progesterone blocks the estrogen-induced replenishment of Rc in both the 
endometrium and myometrium (Hsuch el al., unpublished). 

The reduction of estrogen Rc by progesterone does not appear to be the 
only mechanism by which progesterone can modify estrogen action. Proges- 
terone also reduces the nuclear retention time of the R„E complex (50). 
As explained earlier (sec Section 1V,B) a reduction in nuclear retention 
time would decrease the ability of estrogen to stimulate uterine growth, and 
endometrium and myometrium (Hsueh et al., unpublished). 

The interplay between estrogen and progesterone may be considered in 
the following way (Fig. 12). Estrogen, E, binds to the cytoplasmic estrogen 
receptor, R'^ , to form a complex R^ E which translocates to the nucleus, RJ^E. 
This complex is responsible for the stimulation of events which lead to an 
increased quantity of Rj,' and of the cytoplasmic progesterone receptor, Rf 
(28, 61, 71). Estrogen also stimulates uterine hypertrophy and hyperplasia 
(Fig. 12,1). The elevated levels of Rj" augments the ability of the uterus to 
respond to progesterone (Fig. 12,11) (8, 48, 118). Progesterone binds to its 
cytoplasmic receptor, RJ'P, undergoes translocation to the nucleus, R^P, 
and elicits the characteristic progestational responses that prepare the uterus 

I. Efiects of Estrogen IRc Increased responsiveness 

y to estrogen 

E + Rj-=e-RfE — 'R-E ^IRc Increased responsiveness 

^lEstrcgen directed "> 

I responses CeJIufar hypertrophy 

and hyperplasia 


U. Effects of Progesterone on Estrogenized Uterus 

Ir^ Decreased responsiveness 

P to estrogen 

P + -^R^ P P ^ 1r|e Decreased estrogen directed 

” Xin . j a j responses 
^ t P rogesterone d» rected 

■responses Progestational (Secretory) 

uterus 

Fio 12 Inier.TCiion of eslrogcn and progesterone in the control of receptor levels 
and uterine growth. E, estrogen; RJ, cytoplasmic estrogen receptor; RJE, receptor- 
estrogen complex m the cytoplasm; RJ^E, receptor-estrogen complex m the nucleus; 
P, progesterone; RJ’, cytoplasmic progesterone receptor; RJP, receptor-progesterone 
complex in the cytoplasm, R*|P, receptor-progesterone complex m the nucleus 
(Sec text for details ) 



170 J. H. CLARK, E. J. PECK JR., AND S. R. GLASSER 

for implantation. Progesterone also reduces the availability of the estrogen 
Rfi and the nuclear retention time for RnEj thereby decreases the ability 
of the uterus to respond in a totally estrogen-directed fashion (50). Thus 
progesterone reduces and/or redirects the ability of the uterine cells to re- 
spond to estrogen. This interaction produces an appropriate uterine environ- 
ment for implantation and pregnancy. 
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1. General Characteristics of Female Gametogenesis 

The entire cycle of gametogenesis m the mammalian female results m 
ovulation when the oocyte is shed after extrusion of the first polar body 
and the first maturation division is^~cdnTp lgte~FeTTfale gametogenesis Is not 
a'contlnuous process like spermato^nesis TK^ oocyte pauses during 
rrretoric propnase at t¥e chplolene stage and only resumes development 
affer iransforTrratrons~ThT?rchjracicrjzc the f^al^gamet e, namely increase 
iirsi2inmd'i>uild''up ot reserves rioweverTthe oocyte passes through all 
the classic phases of gametogenesis multiplication of germinal cells, 
preparation for haploidization (heterotypic prophase, gamete differentia- 
tion), and finally meiosis 

In terms of ovarian morphology, these processes arc oogonial multi- 
plication, formation of oocytes and primordial follicles, folltculogcncsis 
and growth of the oocyte, maturation of the oocyte, and ovulation 

Ooge nesis is a process whic h in cludes^W these stages, the term “ooge- 
netic period** is applied to the formation of the oocyte at (hc dTplolcnc 


175 
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Stage. The period that follows is particularly important for the follicle, 
and is called “ftSticulOgeiTesiC 


II. Formation of Primordial Follicles: Oogenesis 

A. ORIGIN OF PRIMORDIAL 60N0CYTES 

1. Characteristics of the Primordial Germ Cells 

The primordial germ cells of mammals possess histological character- 
istics which make them easily recognizable in certain species, particularly 
in man (46). The nuclei of these cells are large and weakly staining lil^c 
those of large blood-forming cells (77/). Their cytoplasm does not have 
the high concentration of vitellus that facilitates their identification in 
other vertebrates. 

Among the bistochemical characteristics (cytoplasmic PAS reaction 
(/45), basophilia with alkaline loluidine blue affinity {161)]. the alka- 
line phosphatase cytoplasmic staining revealed by the azodic technique 
has been most widely applied as described in man {89), mouse (7^)f 
rat {117), cattle {71), rabbit {28), and sheep {108). This cytoplasmic 
activity is asymctrically distributed {71) as a spot in proximity to the 
nucleus (/08). The primordial germ cells possess a large Golgi complex 
(59) with high phosphatase activity (68) which could be related to this 
black photonic localization. This activity is also present in the cellular 
membranes (68). However, these are not the only embryonic cells {126) 
to possess alkaline phosphat.a5C activity, therefore, this cannot be taken 
as an absolute criterion. 

The uJira>irucluraJ characteristics of the primordia} germ cell arc more 
precise than the hislochcmical ones. A high electron cjtoplasmic denstt) 
results from the large number of free ribosomes and poivsomal arra>s 
associated with basophilia. There is a poor endoplasmic reticulum in con- 
trast to somatic cells (161). During the migraior>’ period of these ccH^ 
junctional complexes wuh somatic cells precede the presence of cj’lo- 
plasmic bridges frequently described in oogonia {174). 

2. Experimental Evidence for an Extragonadal Origin of Primordial 
Germ Cells 

The .alk.alme phosphai.jsc positive cells are the .same ccIK described 3' 
poncK:>tcs m man bs Wjtvchi (/7/). They become primordial gonocjte^ 
m the slificrcntiatcd gonad of both sexes as shown by ihcir persistent 
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phosphatase activity. Experimental proof was also presented by Everett 
(47) and Mintz (110, US). Transplantation of the embryonic genital 
ridges under the renal capsule of an adult, before this epithelium is popu- 
lated by migratory cells, does not lead to the formation of any germinal 
elements; this formation is produced only if the graft is performed when 
migration is already complete (47). Moreover, in mouse embryos homo- 
zygous for mutant alleles at locus II', the number of primordial germ cells 
is normal at the eighth day of gestation, but becomes smaller or nil by the 
tenth day (112). Mice with such genotypes have few or no oocytes in 
their ovaries at birth (106, 113). 

3. Gonad Settlement 

The scheme described by Zamboni and Merchant (174) in mice has 
general value, and the dominant localization of the primordial germ cells 
arc, respectively, hind gut, dorsal mesentery, and undifferentiated gonad. 
The chronological steps are summarized for different mammals in Table I 
and illustrated for sheep in Plate 1. In the chick embryo, blood vessels 
act as the normal migratory pathway from the germinal crescent to the 
gonads (157), but this is not the case in cattle (77) or sheep 108). 

In birds, there is, in succession, passive transport, ameboid displace- 
ment with chemotaxis, and unspecific attraction (38). The germinative 
epithelial cells have been shown to induce attractive displacement related 
to their glycoprotein biosynthesis (30, 40). In mammals, a similar phe- 
nomenon would explain the selective localization of the primordial germ 
cells under this epithelium at the end of the migratory phase. 


TABLE 1 


Chronologica] Steps of Gonadal 
Alkaline Phosphatase Method 

Settlement 

and 

Differentiation 

as Studied by 

Criteria 



Species" 



Mouse 

(1) 

Rat 

(2) 

Rabbit 

(3) 

Cow 

(4) 

Sheep 

(2) 

Ptrsl eerm cells ulcntification 

8 

ii'i 

9 

25 

17 

Gtrmmative crests appearance 

10 

ii« 

10-12 

30 

22 

Absence of cxiragonadic germ cells 

13 

15>r; 

16-18 

34 

34 

r irst •seminiferous cord> 

12.5 

Wi 

14.5-15 5 

40-42 

35 


“ Kc> lo rctcrcnccs. (1) Mouse (t/O. ttt-112. 113)'. (2) ml and sheep (ttlS), (3) rabbit (2S), 
(4) cow (71) 
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B SEX DIFFERENTIATION OF THE GONADS AND GENITAL TRACT 

Morphological Differentiation of the Gonads 

Classically, it is proposed that two proliferations of the superficial epi- 
thelium of the undifTcrcntiaicd gonad invade liic underlying mesenchyme 
If the embryo is genetically male, the initial proliferation of the epithelium 
provides the sexual cords whjcli differentiate into seminiferous tubule?, 
and there is no further proliferation In the female, the first proliferation 
provides the sex cords which will form the ovarian medulla The second 
proliferation gives rise to the ovarian cortex which is separated from the 
medulla by a hycr of connective tissue 

A recent theory is that the female fetus has no differentiated ovaries 
before the appearance of the first primordial follicle (72) It is certain 
that males differentiate very early and females are determined by the 
absence of differentiation In the male sexual differentiation of the gonad 
IS characterized by a round macroscopic shape, an outer conjunctive zona, 
and the presence of seminiferous cords These events appear m the rat 
at 14 25 days (72), in the calf at 39 to 40 da>s (70), and m sheep at 
34 to 35 days (50, 99, 14 J) Before these structural modifications occur, 
an incipient germ cell scarcity at the surface of the male pnmordium 
testis contrasts with a preferential localization of germ cells in the outef 
zone of the female gonad at 32 days in the sheep (108) In the rat, cells 
With a clear loose cytoplasm encompass germ cells at 13 days and 9 hour^ 
(70) The relationship between germ cells and somatic cells seems to be 
a determinant of sexual differentiation 


C COURSE OF OOGENESIS 

Oocytes arc developed in an identical pattern for all species (Fig 1) 
Their development can be divided into three stages oogonial mitotic 


Plate 1 Germ cell settlement and sexual difTerentntion of the sheep embryo 
gonads as rescaled by nlkTUnc phosphatase rcTCtion 

1 Cmbr\o at J8 ila\s the germ cells are present along the imrgm of meso 
nephros (x230) 

2 Hint no at 2S tiay^ the germinitive crests nre djfTcrenti Ued Their settlement 
by the primordial germ cells is in progress on the ridge (X230) 

3 renialc emlno at 32 da\s the peripheral locahzition persists An intense 
alkaline phosphatase acluily is clc\cloping in Ihc medulla (X90) 

4 A/n/e emhno at 32 ila\s the scarcity of the cortical zone in germ cells becomes 
evident The interstitial tissue between sexual cords is highly alkaline phosphatase 
activated (x90) 
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BIRTH 

Hamster IS013| 16 d days 




Fig 1 Comparative development of oogenesis in mammals, d. Days; m, mofUfiSi 
SD, sexual differentiation. The first number gives the age of the first 
prophase stages, the second, underlined number corresponds to the age of the 
diplotene stages The dotted strip represents the period of oogontal mitoses ' 

hatched strip shows the period when first meiotic prophase figures are present, 
arrows point out the beginning of degenerative phenomena. See references {25 ti*’ 

ion. 


divisions; meiotic prophasc; somatic ceil organization around diplotene 
oocytes, i.e., primordial follicle construction. 

Great dilTerences exist in the length of the multiplication period of 
cells. In the mouse, rat, and rabbit, mitoses are very rare after the ap 
pearance of first meiotic prophasc {11, 17. 27). However, in the guinea 
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pig, ewe, cow, sow, monkey, and in the human female, these divisions 
arc numerous even after the first meiotic prophase, and persist for a long 
time after the appearance of the first primordial follicles {4, 5, 43, 67, 
100). The quantitative production of female gametes appears to be re- 
lated to oogonial divisions. 

However, intense degenerative phenomena in the germ cells have been 
observed in all species, particularly in the cow, cat, and ewe {99, 170). 
This degeneration can effect oogonial mitoses and oocytes at the pachy- 
tene or diplotene stage (4, II). During oogenesis, in the midst of the 
isogenic groups, the cells that are retarded degenerate {II), but after 
oogenesis, degeneration occurs among the earliest oocytes formed, i.e., 
those lying deepest in the cortical zone {78) . 

Very little is known about this phenomenon, which plays such an impor- 
tant part in determining the number of oocytes remaining after oogenesis; 
many authors have, in fact, been struck by its importance and have even 
hypothesized about the possibility of there being a different mode of forma- 
tion of female gametes (170). 

1. Arrest or Persistence of Oogenesis in the Adult 

ft is now possible to confirm that the primordial follicles formed during 
the oogenetic period are “held in reserve” in the ovary and that their num- 
ber does not increase further as shown by DNA labeling during oogonial 
mitosis {151, 152), 

2. Variations in the Length of Oogenetic Period 

Figure 1 shows the great variations which occur in the length of the 
oogenetic period between species. Oocyte labeling according to the age of 
embryo at the day of injection of tritiated thymidine demonstrates the 
oogenetic period from which the oocyte reserve is built up (Fig. 2). 

In the rat, 85-90% of this reserve comes from oocytes entering into 
meiotic prophase on the 17.5th, 18.5lh, and 19.5th day of embryonic life 
(101. 106). In the ewe, oocytes in preleptotene stages, as well as at the 
beginning, the middle, or the end of a long oogenetic period (52nd to 82nd 
day of embryonic life) arc concerned with the constitution of the hundredth 
day postcoilus (p.c.) ovarian stock {106). However, a more active part ih 
this constitution is played by the 52nd to 64th day p.c. period. In the pig 
this equivalent period is the 70th day p.c. {13). 

The equivalence in quality of the gametes with their production time is 
related to the reserve utilization during folliculogencsis. If the selection of 
follicles for growth is nonrandom (41), the last (armed oocytes should be 
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Fio. 2. Percentage of labeled oocytes related to the day of the tritiaied thy mi 
injection in the ovary of the 100-day sheep embryo (uninterrupted line) and m 
ovary of the 20-day postnatal rat (dotted line). For the sheep embryo, the t 
cur^■es have the same shape whatever the method of labeling determination: 
photometer Lcitz (unhlled square). sil\er grain counts with three grains (* 
circle), or four grains (unfilled circle) as baeVground value (/06. 107). 


Ihc most defective. Indeed, in very old mice, oocytes present a diminishing 
chiasmaia frequency, a change in chiasmatic chromosome localization, a 
an increase in univalent frequency (60). 

3. Origin of the Variations in the Definitive Stock of Oocytes 

Tltc number of oocjtcs is greatest before the end of the period of thetf 
formation: 110 to I30ih day p.c. in cattle ( 42 , dJ), 50 to 90lh day p-^* 
pig (/3), 18.5-19.5lh day p.c. in ihc rai (70), 45lh day p.c. in the guinea 
P'S (67), fifth to simh month of the embryonic life in human females an 
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in the rhesus monkey (J, 6), and 17th day of egg incubation in chicks 

( 64 ). 

Degenerative phenomena produce a sharp drop in the number ofx)ocytes 
in all species when the primordial follicles appear, i.e., the arrest of the 
meiotic process. 

The oocyte count falls off rapidly as the animal grows older (5, 15, l6, 
66, 80, 85, 159, I67)\ in the rat, mouse, and in the human female, the 
follicles can even totally disappear from the ovary before death. The fall in 
the absolute number of follicles is sharpest at first: 50-60% disappear 
during the first weeks after birth in the rat and mouse (69) or during the 
first year in guinea pigs (67). The proportion of oocytes lost per unit time 
is constant (SI). However, this decrease in the reserve of primordial fol- 
licles is difficult to demonstrate with certainty in the few months after birfh 
in the ewe, and in the cow it only becomes apparent after the fourth ye^tr 
(42, 43). At a given age, this reserve appears to vary between individuals 
of the same species. The ratio of the numerical extremes ranges from 1 :2 
in the mouse (69) and the rat (102), 1:3 in the ewe, and 1:10 in the 
cow (42,43. 101). 

In mice (69) and rats (84, 104) at birth, ovarian reserves of primorditil 
follicles differ significantly between strains and F, crosses, i.e , at the end c?f 
oogenesis. These differences are maintained during the postnatal shift of 
oocyte counts (69, 102, 104). 

Such genetic factors modifying oocyte production could be related to 
germ cell multiplication during (heir migration as described m mice bearing 
the IV gene (113). In rats, strain differences in the number of germ cells 
appear at 13.25 days of embryonic life (104), increase at 14.25 and 15.25 
days, and reach a maximum at 18.25 days. 

Some adult gonads have no germ cells, such as freemartin cattle, mule 
or hinny, and XO women. In all these cases, oogonia are present with their 
subsequent mitotic divisions in the 70-77th day fetal freemartin gonad 
(72, 75), in the 60-day mule fetus (111), or in the 3-month human 
fetus (755). Some germ cells enter meiosis (72, 75, 163), but due to the 
inability of the paternal and maternal sets of chromosomes to form homol- 
ogous pairs (163) or to an inhibiting action of somatic cells as in XX/XY 
chimeras (90), the beginning of meiotic prophase is disrupted. The inhib- 
itory action of somatic cells could be also a factor in quantitative female 
gametogenesis. 

a. Germ Cells and Ooconial Mitotic Divisions. In the male, a 
germinal cell becomes a primordial gonocyte when the gonad is differ- 
entiated. In the female, the primordial germinal cell becomes an oogonium 
when the gonad differentiates into an ovary. However, docs this cell 
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possess the particular characteristics which distinguish it from the male 
gonocytc? In both sexes they divide mitotically during their migration (26, 
27, 71, 111, 171). The germ cell mitotic activity stops at the preleptotene 
stage in the female gonad, and continues in the male gonocytes (9, 2S). 

i. Morphological types of oogonia. In addition to the stages of meiotic 
prophase, Winiwarter (169) distinguished three nuclear types in the rabbit 
ovary: protobrochal a, protobrochal b, and deutobrochal nuclei. After a 
study of the cat ovary, a new type was added, termed “dusty” by analogy 
with the “dusty” spermatogonia described by Regaud (144). According 
to Winiwarter, only the “protobrochal” types correspond to oogonia. The 
deutobrochal type with its reticulate nuclear aspect looks like a stage of 
the preleptotene figures (SS). In human (162), rabbit (27), and sheep 
embryos (109), a developmental condensation of chromosomes followed 
by decondensation is described (Plate 2) similar to that reported by 
Walters (168) in Liliimi. These stages would represent a true mitotic rever- 
sion in which metaphase and anaphase would be omitted (12). 

a. Scheme of oogoiiial division. By germ cells counts in a great number 
of rat embryonic gonads with age differences of a quarter of a day divisions 
were found at 11.75, 12.50, 13.25, 13.75, and 14.75 days of the 
embryonic life regardless of sex. The last two divisions were confirmed 
by the evolution of the intensity of oocyte labeling according to the day of 
tritiated thymidine injection. This method added a 15.75 day division 
(101). An oogonium undergoes a mean of six divisions from 11.25 days 
of age. Since the curve of the evolution of the number of cells is exponential 
in the rat, each germ cell must be submitted to a similar number of 
divisions. 

Synchronized phenomena can be observed in terms of space and time, 
but an asynchronism of the mitotic or meiotic activities are evident from 
the individual differences in germ cell counts in the same aged embryos 
or in the first appearance of meiotic figures between animals of different 
ages. Such an asynchronism is limited to 1 day in the rat (may be two in 
the ewe), and expresses the variable delayed phenomena occurring in 
some cells of the same ovary. It can be termed as the existence of “waves.” 

In the ewe, “waves” do not explain the shape of the curves of the per- 

PLATu 2. Cylological figures of the prclcplolenc stages in the 60-day sheep embryo 
(X2500). 1. Early maximtil chromosome condensation (stage 11). 2. M.aximal chro- 
mosome condensation (stage III). 3. Polarization and early chromosome dccondensa- 
tion (stage IV). 4 Chromosome decondensation (stage V). Stages refer to usage of 
Maulcon el at. (/09). Orccin-Iactic-acetic staining after alcohol-acetic acid fixation 
described in reference (.109). 
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ccnlagc of labeled oocytes (.106, 108) or blocked oogonial mitotic num- 
ber (99). Perhaps a renewal of undifferentiated oogonia gives rise to such 
a long surr’ival of oogenetic processes. Then, two or three similar genera- 
tions of oogonial divisions, as described in the rat, could be intermingled 
in the ewe (106). 

b. MnioTic Propiiase. Winiwarter (169), refers to Van Beneden’s 
work on oogenesis in A scans, and gives a precise definition of the whole 
scries of nuclear modifications of the mciotic prophase. His terminology 
for the different stages is still used today; Icptotene, zygotene, pachytene, 
diplotenc. These stages differ very little from one species to another 
(Plate 3). 

/. Variations in chromosomal configuration at the dictyaic stage and 
radiosensitivity. The oocytes are arrested at the same stage of meiotic 
prophase, termed “dictyate,” but the chromosomal configuration of this 
stage of arrest varies among species. It could permit the identification of 
ovaries of many species (human, mouse, guinea pig, goat, and dog) (121). 
In cattle, this arrested stage of oogenesis may be the pachytene stage (61, 
143). However, tliis stage very much resembles the so-called contracted 
stage observed in the guinea pig, and may, as in the guinea pig, be a 
modified diplotene stage (67). It is more frequent than the stage in which 
the chromosomes are distributed over the whole nuclear area, correspond- 
ing to the diplotene stage (165). This is the best explanation for the higher 
radioresistance of the oocyte of the primordial follicle in cattle (42), since 
the pachytene stage of meiotic prophase is the most sensitive to X rays 
(9,10,92, 130,132). 

The differences between species in the radiosensitivity of primordial 
oocytes arise from these variations in chromosomal configuration at the 
dictyate stage (5, 92, 121). It has been shown that oocytes with lampbrush 
chromosomal filaments are particularly radioresistant. This lampbrush 
structure is found in the oocytes of human primordial follicles (6) and 
in the follicle at the start of its growth in the rat (5). In the same way, 
the "contracted” structure of the guinea pig oocyte corresponds to a higher 
radiorcsistance than the classic diplotene stage of the mouse oocytes (121). 

a. Duration oj meiotic prophase. The time intervals between the ap- 
pearance of the first oocytes at Icptotene stage and the first oocytes at 


Ecatc 3. Cytological fjgurcr of mciotic proph-tse in the SOKi-iy sheep embrjo 
Cx 2500). t. Lcplotcnc; 2. Zegotenc; 3. Pachytene; 4. Early diplotene. Orcein-Iactic- 
acctic staining after alcohol-acetic acid fixation described in reference {t09). 
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diplotene stage difler in females of different species: in the rat, mouse, and 
hamster, the interval is around 4 to 5 days (//, 25), in domestic mammals 
it is from 10 to 15 days (99), and in the human it is approximately a 
month (5). 

Using radiotracers, the progression of labeling gives sipllar durations of 
the leptotene (3-8 hours) andzj'gotcne (12-40 hours) stages in the mouse 
(29), rabbit (79), and ewe. The pachytene stage lasts 60 hours in the 
mouse, 6-9 days in the rabbit, and 1 0 days in the ewe. 

The arrest of meiotic prophasc after the diplotene stage is due to a 
nonhomologous association of bivalent chromosomes during oogenesis 
{123, mouse; 125, cattle). It is frequently observed in the oocytes, and 
only occasionally during prophase of somatic cells or during the pachytene 
stage of spermatogenesis. According to Ohno, it is the persistence of this 
association at the diplotene stage that leads the oocytes to the dictyate 
stage instead of their undergoing diakinesis and degeneration {127). In a 
17- to 20'day mouse fetus, when intense degeneration exists, the diplotene 
stage without nonhomologous association of bivalents is observed. Somatic 
cells of a 8- to 12-day chicken female gonad must be organized conve- 
niently around the germ cells for their normal oogenetic evolution in vitro 
(75). 

iiL Role of the rete ovarii in the onset of meiosis and primordial follicle 
organization. The role of the rete ovarii has been recently demonstrated 
(22). Within the ovaries of the mouse, cat, ferret, and mink, at the time 
meiosis begins, rete cells are secretory and an open connection between th® 
rete system and the germ cells exists (24). The diplotene arrest, i.e., the 
maintenance of dissociated bivalents, could depend upon the surroundinS 
somatic cells (125). Byskov’s results suggest that the rete cells are also 
essential in the organization and early formation of the follicles (131). 


IV. Meiotic inducers and dependence of oogenesis on hormonal factors. 
Oogenesis can continue if the ovary is cultured in vitro (8, 98, 105, J5d). 
However, meiosis in the germ cells of the embryonic ovaries does not nor- 
mally occur in organ culture when the ovary is removed before a critical 
period: 50th day in the sheep embryo (105. 108} and 13 to 14lh day ift 
the hamster fetus (25). A cytolo^cal and histological study of gonads 
that have been cultured for 6- to 12-day periods shows that at meiosis, 
preleptotene and a few abnormal ^’gotene figures are developing (105, 
108). The dissection of the mesonephrian part as suggested by Byskovs 
results (22) does not change the previous observation, perhaps because the 
rete cells arc already present in the medullary portion of a 28-day sheep 
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embryonic ovary (74). In the same culture conditions, the meiotic processes 
even appear if the ovary is removed at 13 days p.c. in the rat {109). 

In sheep, the germ cells during their in vitro period retain their potential 
to initiate the chain reactions that induce mciosis since the cultured ovary 
(70S) leads to a supposed delay in the resumption of meiosis after grafting. 
In spite of specific dilTercnccs, the onset of meiosis can be modified by the 
following conditions: 

1. A necessary change in oogonia development for a further in vitro 
induction and evolution of meiosis. 

2. A local favorable environment for such an induction as shown by 
Byskov’s studies that would explain the rare pachytene stages reached by 
the XX germ cells in the XX/XY chimeras (90) if the presence of XX 
somatic cells becomes necessary. 

3. A possible diffusible inducing substance present in the developing 
ovary as suggested by the onset of mciosis in the germ cells of an 8-day 
chicken embryo male gonad cultured with a 12-day female gonad (74). 
The meiotic induction in isolated germ cells cultured on a cortex fragment 
also favors such a hypothesis. 

4. A meiotic inhibiting substance developed perhaps after male sexual 
differentiation. With in vitro culture, the differentiation of the ovary is 
slightly retarded by the presence of a testis. Structures suggestive of testic- 
ular cords develop in the medullary parts {63). These results are compar- 
able to those obtained in birds, but are not as clearly understood: germ 
cells remain oogonia in a chicken ovary cultured with a male gonad (7(5). 
In birds, as in amphibia and reptiles, the inversion of ovarian germinal 
cells with hormones is itself a classic feature. Burns’ {21) experiment in 
the opossum constitutes the only case of production of an ovotestis after 
estrogen injection. Just as oogonia from the right or left ovary become 
oocytes in vitro (77), the normal right in vivo involution would result from 
an inhibiting action from the left ovary. In the sheep cultured ovary, an 
unfavorable somatic cell-germ cell ratio could be developed. 

5. A nonpriniary hypophyseal influence is indicated in that only a 
slight delay of the meiotic processes occurs in the decapitated or hypo- 
physectomized sheep embryo {105). The addition of gonadotropic hor- 
mones (PMSG, crude hypophyseal extracts of embrj'os and adults of the 
same species, pure FSH, LH, and prolactin or a combination of the three 
hormones in culture medium) docs not modify the m vitro evolution of 
oogonia in sheep {105, 109) or in hamster {25). However in adult 
loriscs, the total number and the proportion of oogonia compared to 
oocytes varies with the physiological state (2), and the total number of 
germ cells increases after estrogen treatment (2). Labeled oocytes arc 
present a short period of time after radiotracer injection in such follicles 
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but arc absent in the untreated animals (5i). Both estrogen and FSH might 
interfere with the development of somatic cells, and, tlius, s'lth the pro- 
duction of oocytes. 


tn. Folliculogenesis 

A. RELATIONSHIPS BETWEEN OOCYTE AND FOLLICLE 
1 . Relationship between the Size of the Oocyte and of the Follicle 

The growth of the oocyte can be divided into two phases, relative to that 
of the follicle {18). The first is phase A in which the oocyte grows to 
approach its maximum size. Simultaneously, the multiplication of follicular 
cells occurs. During (he second phase B, the oocyte increases very slowly 
in size, but the follicle grows rapidly in size. The secretion of the follicular 
cells commences at the beginning of follicular growth, during the first phase 
(57), and intercellular spaces develop. 

These spaces in the ovarian follicle of the normal adult cow and rat in- 
crease during follicular growth and a strict linear relation, especially m 
the cow, exists between the size of the antrum and the size of the whole 
follicle. However, a great variability of morphogenetic parameters exists 
between follicles. Some follicles continue to grow without formation of an 
antrum, while others develop on antrum loo early during their growth {96)> 
After hypophysectomy, the oocyte reaches its adult size in follicles pef' 
sisting for 9 days, although these follicles are smaller than those found m 
the normal animal. This diminution is the result, first, of the disappeaf^* 
ance of secretory function, and second, of a decrease of follicular cell 
multiplication. 

2. Metabolism of the Oocyte during Growth and Maturation 

The increase in size of the oocyte corresponds to an intense metabolic 
activity of the cell, but it exists only during phase A of follicular growth- 
The level of RNA in the oocyte is low during this whole phase { 31 , 33 , 
59). The incorporation of tritiated uridine is highest in the growing oocyte 
(720). The course of iritialed uridine incorporation follows that generally 
observed in other cells: successive labeling of the nucleolus, the nucleus, 
and then the cytoplasm. One hour after injection of the radioactive tracer, 
oocyte nucleolar and nuclear synthesis increases linearly with oocyte size 
and reaches a peak in fully grown oocytes at the end of phase A of growth 
(774). Fluorescence microscopy of the nucleolus indicates a very’ high 
level of nucleolar RNA during this phase of oocyte growth; this le''^‘ 



7. OOGENESIS AND FOLLICULOGENESIS 191 


diminishes considerably at the time ot oocyte atresia or before maturation 
as shown by nucleolus vacuolization { 91 ), staining affinity { 48 ), or green 
fluorescence with acridine orange limited to an envelope. 

The existence of active synthesis of proteins docs not exclude the pos- 
sibility of macromolecular transfer during this phase of oocyte growth (57). 

Exchanges between oocytes and perioocyte cells have not been clearly 
defined for the second phase of growth. However, the incorporation ot 
■'■•S-methionine { 86 , 115 ) and of ‘‘H-phenylalanine { 150 ) by rabbit oocytes 
a little before meiosis is proof that such exchanges do take place. This 
phase of follicular growth is characterized by the secretion of follicular 
fluid, particularly ot mucopolysaccharides by the granulosa cells, as shown 
by the sequence of '’S-sulfate incorporation by the follicles { 122 ). The 
rapid preovulatory growth is characterized by modification of the perme- 
ability of the follicular blood-fluid barrier { 172 , 173 ). 

Finally, a zymogen enters the extracellular compartment via cytoplasmic 
processes of fibroblasts. A gross reduction in the tensile strength ot the 
collagenous layer occurs. This collagenolysis ceases after ovulation, perhaps 
caused by serum antiproteases { 44 ). Deterioration of the follicle wall de- 
pends upon enzymes, steroids, cyclic AMP, and prostaglandins, but the 
precise sequence of reactions is still open to discussion { 44 , 149 ). 

3. Functional Interactions between Oocyte and Granulosa Cells 

The follicle constitutes a balanced physiological unit the oocyte pre- 
venting luteinization of the granulosa and theca cells { 119 ) and the gran- 
ulosa inhibiting the resumption of oocyte meiosis { 49 ). This reciprocal 
control is responsible for the maintenance of the dictyatc stage for a long 
period. Experimental detaching of the oocyte and its culture, orsponlancou.s 
detaching by granulosa pycnosis during atresia arc followed by meiotic 
metaphase II. These oocytes can be fertilized, after which they develop 
abnormally due to an incomplete cytoplasmic maturation. The two steps 
may be considered in a complete oocyte maturation; the first one, i.c., the 
resumption of meiosis, is not basically dependent on gonadotropins; the 
second one, i.c., the passage of the male pronucicus growth factor 
(MPGF), on the contrary, or its precursor inside the oocyte is gonado- 
tropic follicular dependent { 164 ). 

B. DEVELOPMENT OF DIFFERENT FOLLICULAR TYPES 
1. Dofinition of Follicular Typos 

a. Morimioiooicai. Criti ria. Pinctis and Enrmann ( 140 ). base clas- 
sified follicles according to histological criteria; thickness of the theca and 



192 P. MAULEON AND J. C. MARIANA 


granulosa, organization of the latter around the oocyte, degree o vas 
cularity, quantity of muscle fibers and interstitial tissue, and position o 
the antral cavities. The classification most widely used until 10 years 3^,0 
was that of Mandl and Zuckermann (9S): follicles with one layer o 
flattened cells, one layer of cuboid cells, two, three, or four layers o ce s, 
and follicles with or without antra. 

b. Dimensional Criteria. Follicles with an antrum can 
entiated by measuring their diameter or calculating their volume ^ ' 

J42). The size of the classes account for the exponential growl o ^ 
follicle and are equal in a logarithmic scale. Using a similar hypo^ ^ 
that the number of cells increases as an exponential function of fo ‘ 
age, Peters and Pedersen (/35) consider seven classes delimited by 
numbers. However, the two extreme classes are pooly defined. For 
largest ones, Mariana proposes the antral surface to the whole su 
ratio (96) or four parameters for a definition of the distributive 
geneity of the granulosa cells in space (94). For the smallest ones, 
descriptive morphology of follicular cells or their spatial 
useful for a definition of early growth as the follicle with a round ceUu 
nucleus incorporates tritiated thymidine. However, the population of 
mordial follicles, defined by follicular cells with flattened nuclei is 
genous: the frequency curve of nuclear size is clearly bimodal, and nuc e 
growth is indicative of the beginning of oocyte evolution. 


c. Normal and Atretic Follicles. The involution of a follicle ca^ 
be defined by a series of morphological changes; they appear either m ^ 
granulosa somatic cells, or in the oocyte, and lead ultimately to the J 
appearance of the foUtcle. The characteristics of the granulosa cells dunOs 
atresia of follicles wiib an antrum or with several cell layers are pycnosis, 
replacement by cells with small fusifonn nuclei, and disruption of relation 


ships between granulosa cells, antrum or oocyte. 

These histological changes are preceded by histoenzymological changes- 
In the granulosa, the dissociation of cells bordering the antral cavit> 
accompanied (i) in the rat by ibe appearance of acid phosphatase a 
aminopeptidase activity (S7), organophosphate-resistant esterases ( ' 

20), and enzymes probably connected with Ijsosomes; (i«) in the 
pig, nucleoside polyphosphatase activity (both ADPase and ATPase) 
or (iii) more generally by sudanophil lipids, or lipids stainable with f 
oils (34, 55. 56. 57). TTic increase in alkaline phosphatase activit) 
airclic follicles of the cow ovar>' (US) has not been confirmed in the ra • 
Among such a large number of involutivc characteristics, the presence o 
a few pjcnotic cells was previously considered to be the practical crilcDon- 
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2. Dynamics of Follicular Growth 

a. Model of Follicle Kinetics. The evolution of the distribution 
curve of the follicular size classes as a function of time depends upon the 
follicular growth rate, the number of follicles starting to grow, and atresia. 

Such a mechanism can be represented by a simple model in discrete time 
(97). If o(o,l) is the number of follicles which begin their growth at time 
t, the expected value of n,,t numbers of follicles at stage / and time t is 

£(«,.() = a{o,l — 

where Pd.n is the survival probability for a follicle at stage i at time t, with 
Pii ,, = n p(, An estimation of the difference is given by the 

j = i 

proportion of the normal follicles at a stage i and time r. If n, , is the 
total number of follicles, n'd.o the number of follicles in early atresia, 
Pi,i = 'ii.r/'ii.i + 

Such a model assumes that the beginning of follicle growth is a con- 
tinuum (139). The proposal that follicles grow to a certain stage of 
development but are arrested to form a pool of large reserve follicles 
from which the preovulatory follicles are recruited (55) is unacceptable. 
Unlabeled large follicles in immediate autoradiographies or heavily labeled 
large follicles in delayed autoradiographies have never been found after 
tritiated thymidine injection during the immature as well mature period m 
mice (23, 129, 134) and in mature rats. 

The use of a dimensional criterion gives a frequency curve with a con- 
stant shape which can be explained by the previous parameters of follicle 
kinetics, but mainly by the great variation in follicle atresia (62). 

b. Duration op Development and Regression of Follicular 
Types. Using flash labeling with tritiated thymidine at the time of estrus, 
Peters and Levy (134) showed that in the mouse the follicles starting to 
form a large antrum are those that ovulate in the succeeding cycle; those 
not yet having an antrum, or having one that is still growing, ovulate during 
the four subsequent cycles (Fig. 3). 

Growth rates can be calculated by the doubling time of granulosa cells 
determined from their labeling index and the duration of their DNA syn- 
thesis phase. A follicular developmental curve takes 14 days to grow 
from a stage 3b to a stage 5a of Peters and Pedersen’s classification. The 
preovulatory stage is reached in 5 more days (127). Moreover, the folli- 
cles grow faster early in life (14 days poslnalal) than Inter (28-35 day.s 
postnatal) and faster during estrus than during the metesirus period (J2S). 

In domestic mammals, observations gis'cn by the variation in the num- 
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Fio. 3. A schematic representation of the labeling dilution after a flash injcctio 
of tritiated thymidine on the day of cslrus in mice from Peters and Levys resu 
(fj/). The frequency curves are the standard ones and the follicle types refer to 
Peters and Pedersen's classification. The spots on the follicles have an intensity 
relation to the labeling as also expressed by the blackness of the dotted part of \ ® 
curves The letter E gives the number of the estrous cycle after the radiotracer m 
)cclion. The smallest follicles labeled immediately ovulate after five estrous c)ce 
but v>ith a poor labeling intensity. 
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ber of the large antral follicles during the estrous cycle allowed calculations 
of the last phase of growth In the ewe, it is assumed that the ovulatory 
follicle starts to grow between 4 hours and 5 days after the start of the 
cycle It then pauses, and ends up with a phase of rapid growth lasting 
a few hours at the beginning of estrus (65) More precisely, from the 
doubling time of granulosa cells estimated by the mitotic index and mitotic 
time obtained by the use of colchicine, a follicle takes about 5 days to 
grow from 0 5 to 2 2 mm diameter and an additional 4 days to reach 
4 5 mm diameter (K E Turnbull and A W H Braden, personal communi- 
cation) By labeling with india ink the 4 5 mm follicles present m the 
ovaries at three different times during the estrous cycle, the follicle which 
finally ovulates grows to the 5-mm size during the 36 to 48 hours before 
the onset of estrus The preovulatory enlargement up to 12 mm occurs 
after the beginning of estrus (160) 

Few data exist on the duration of atresia In mice, the time it takes a 
follicle without signs of atresia to go through progressive stages of atresia 
IS about 4 days (25) 

c Initiation of Follicle Growth In the mouse, around the time 
of birth, all oocytes are organized and enclosed in small follicles with 
few follicular cells Ovigerous nests have disappeared and a pool of non- 
growing follicles IS formed Ovaries cxplanted on day 2 postpartum and 
cultured without the addition of exogenous gonadotropins show groups 
of oocytes surrounded by a basement membrane and a few small follicular 
cells These structures are reminiscent of the polyovular follicles seen in the 
opossum and hamster ovaries (7) In piglets, treated after birth with 
progestagen, i c , with a blocked gonadotropin release, oocyte nests persist 
longer than in controls (156) " 

Follicles start to grow at all limes and at all ages but more follicles 
start to develop during the first 3 weeks of life than at later ages (727) 
Gonadotropin does not influence follicle growth initiation as neither exo- 
genous (757) nor the blocking of the endogenous gonadotropin in andro- 
genizcd mice alters the number of the first growing follicles (755) The 
beginning of follicle growth seems to be controlled by an intraovarian 
regulation in which a substance freed by degenerating large follicles has 
a reducing effect on growth initiation (/5S) 

Tile absolute number of "starling” follicles in 7-da>-old rats is in- 
llucnced by the size of nongrowing follicles and by a stimulating factor 
which differs between strains and is, still unknown (95) 

d RrcATioNstiii' nCTW ccn Tiir Dii rcRrsT Catcgorics ot Follici rs 
Tile size of the pnmordial follicle pool has an innucnce on the number 
of "starting" follicles that begin growth m mice (52) and in rais (95), 



196 P. MAULEON AND J. C. MARIANA 


as docs a pool of nongrowing follicles artificially reduced at an early age 
by radiation or application of dimethyl benzathracene (82) or after testos- 
terone injection on day 5 (736). 

In the ovaries of prepubertal mice, the number of growing oocytes 
decreases in parallel with the number of primordial follicles (69) an 
represents a constant proportion (11%) of the total number of oocytes 
(130-133). The same may be true of adults, since after the fourth year 
in the cow, the growing follicles diminish in the same way as the pn 
mordial follicles (38, 43). Similarly, in the rat, the number of follicles 
larger than 20 is related to the number of smaller follicles (3), an 
in women up to 35 years old this relationship exists between follicles 
smaller than 100 ^m and primordial follicles (73). 

However, the number of primordial follicles is not as dependent on the 
number of normal antral follicles due to the extent of atresia. During the 
immature period, many follicles start to grow, and at 3 weeks in mice, 
24 days in rats, 3 months in calves, and 1 month in Iambs, the ovary con- 
tains an unusually large number of large follicles (227, 128, 733). Most 
of them become atretic. In the adult animal, the growth of the “privileges 
follicle is always accompanied by the disappearance of the other follicles 
In the cow, sow (103), hamster (33. 54), guinea pig (I, 46, 228), an 
in the ewe (65). In the cow, large numbers of atretic follicles wit 
antra are observed at the IO-I2th and 1 2- 1 4th day of the estrous 
cycle (237) just as it is surmised that FSH is responsible for the recruit- 
ment of a set of follicles from the poo! of growing follicles, the hormona 
conditions which lead to ovulation must change the relationship between 


follicles of different sizes. 

In fact, breed differences or genetic selection for the incidence of muhi 
pic births in sheep or hormonal conditions which lead to spontaneous of 
induced ovulation of large numbers of eggs in rats, also lead to relative y 
small populations of oocytes at birth (SS, 84), at 7 days, or 5 months o 
age (765). Paradoxically, the strain of rat with the least follicular de'C 
opment during the prcpuberal period has the highest concentrations o 


FSH and estrogen in blood plasma (147). 


C. DEPENDENCE OF THE FOLLICULAR GROWTH ON HORMONAL 
FACTORS 

By definition, follicular growth is dependent on FSH (45). Growth i^ 
stimulated by FSH or PMSG in follicles of all sizes as revealed /n vitro 
studies of mouse ovaries, by treatment of immature hypophyscctomlz^^ 
rats (745. 746) or of intact mature rats (Fig. 4). 

In the rat as well as the cow', PMSG rapidly changes growing follicles in|° 
antral follicles and modifies the percentage of volume occupied by * 



of !he iHffnbcf of follicles in each class of size 
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antrum in a follicle of a precise size (96). Similarly, in imniatuF^*1iypO" 
physectomized rats, FSH acts on the intercellular spaces, causing a dis- 
placement in the modal peak of the frequency curve of follicles (Fig- 
FSH and PMSG have a specific action on antral formation These 

two hormones also increase cellular multiplication as shown by the aug- 
mentation of the labeling index of the granulosa cells (J^6) and by 2 
correlative increase of the number of cells In the largest follicles from the 
PMSG-treated rats (96). The ability of large follicles to ovulate seems to 
be due to an adequate relationship between the volume of antrum and th® 
cellular mass. FSH and PMSG could prevent, as well as stimulate, atresia. 
LH and HCG allow a more potent action of FSH on follicular growth, 
increasing the FSH receptors to estrogens in the follicle (62). 

The follicle determines its development and its fate (156) from the 
steroid concentration in its antral fluid. 

In conclusion, female fertility does not depend directly on the ovanan 
follicular population except in extreme cases. During the period of estab- 
lishment of the ovarian structure, differences in follicular population can 
interact with the maturation of the hypothalamic-hypophyseal complex 
and lead to definitive adult possibilities in ovulation rate. The recent 
demonstrations that exchanges exist between somatic and germ cells have 
provided a new and important insight into the organization of follicular 
structure and intraovarian regulation. 
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I. Introduction 

Spermatozoa represent only the final step »n a scries of complex changes 
(spermatogenesis, 29) that govern their number and properties We will 
try to clarify the phenomenon of spermatogenesis in the bull the 

ram (S/), the boar (9(5), the horse (95), and the rabbit (^, 97) 

1 The primordial germ cells migrate from germinal crests and come lo 
he m the gonads sometime before sexual dirfcrcntiation In (he fetus and 
young male the gonoc\fes arc contained inside the seminiferous tubules 

2 In the species being considered, gonoc^lcs multiply and, some months 


20 *^ 
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after birth, give rise to spermatogonia. The quantitative cflicicncy of sper- 
matogenesis depends to a great extent on the manner in which these ivi 
sions take place. 

3. The cells originating from the last sperinatogonial division arc the 
primary spermatocytes. Mciotic division of these spermatocytes results m 
the production of daughter cells, the secondary sperntalocyies. 

4. The metamorphosis of the spermatids (products of the division o 
the secondary spermatocytes) into spermatozoa (spermiogenesis) consti 
tulcs the fourth point of interest. The quality of the spermatozoa produce 
depends to a great extent on this metamorphosis, which occurs in t e 
seminiferous epithelium, but undergoes completion in the epididymis. 

5. The various germ cells are located in the seminiferous epithelium, 
whose structure is maintained by the SertoH cells. 


il. Description of the Spermatogenic and Seminiferous 
Epithelial Cycles 

The spermatogenic cycle begins with a stem cell or A-type spermato- 
gonium, which provides the starting point of a spermatogenic series. Befor 
this series has completed its evolution, several new ones start in the sante 
part of the seminiferous tubule. Thus, any section of a seminiferous tubu e 
shows several superimposed generations of germ cells. They develop 
close relation to one another such that in any given area of the seminifero^^ 
epithelium there is a constant succession of cellular associations that ta 
place with a cyclic regularity. , 

The cycle of the seminiferous epithelium is formed by the series o 
changes occurring in a given area of the seminiferous epithelium between 
two successive appearances of the same cellular association. The duration 
of the spermatogenic cycle is the interval between the appearance ^ ^ 
stem spermatogonium and the release of spermatozoa which are produce 
from it. It thus represents the length of time necessary for the formation o 
the spermatogenic series. 


A. THE STAGES OF THE CYCLE 

OF THE SEMINIFEROUS EPITHELIUM 

The cellular associations which may be recognized during a cycle of th' 
seminiferous epithelium permit the various stages to be distinguished. Tw 
principal methods of classthcation may be used. One is based on the deve 
opment of the acrosomic system (22, 63), while the other is based on m 
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nicphological changes of germ cel. nuclei and local arrangement of sper- 
matids {SI, 92). 


1. Classification Based on Acrosome Development 

t „,ntipr nf staces varies between or within species 
With this system, f defined twelve stages in the cycle 

(2J, II). Clermont and Leblond uniformly 

of the seminiferous spermatids, two or three pro- 

stained Wiosome ^ o) which fuse into one single acrosomic 

acrosoinic granules ® "i , .. jhe “cap phase” is character- 

granule (stage 3) during the ,1” „ucleaf surface (stage 4), 

ized by a slight ‘ J ‘ (3(a„e 5), which gradually covers, 

then by the appearance of a P ( ^ nuclear surface, 

first, one-third (stage 6), then ° acrosomic granule and the 

At the beginning of “acrosome phase.^Jl e^acrosom^^^^^ 

cap migrate toward the basemen acrosome, protrudes at the 

acrosomic granule, which is no j an elongated rod (stage 

tip of the nucleus (stage crescents, age 12). The 

10) into a triang e (s S gnm-eeds the “acrosome phase.” 

“maturation phase” therefore, succeeas me 


2. Classification Based on Germ Cell Association 

T, pr.a oipsel (92) and Ortavant (81), eight 
According ^°'""'^“f,,„,in1ffrous eiithelial cycle of the ram (Fig. 
stages may be defined in the se . . 

1 ) , bull, and boar, which are described below. 

n nf the snermalozoa release into the lumen 
Stage 1. "sperlalid nuclei elongation. It is characterized 

until the beginning o' ‘^^P nuclei only (Fig. 2). 

by the presence of . n of the spermatid nuclei up to the for- 

Stage 2. From the P ^ nj nuclear elonga- 

mation of the bundles of spermatids, this P 

tion of the spermatids (Fig. 3). elongated spermatid bundles 

Stage 3. From the formation diLions (Fig. 4). 

" ‘’’st^T A From the appeal ance of the firs, divisions .0 the disappear- 
ance of the second maturation divisions^fFifr^^^^^^^ divisions up to the 

Stage 5. From the "’ . • nnclci of the young spermatids; during 

:hTsmTe“b:iaUe'rltT: small nucleus containing some haryosomes con- 
nected by a chromatin network. 
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after birth, give rise to ^''‘^""7*7™- d‘^''- 
matogcnesis depends to a great extent on the ntanne 

sions take place. coermatogonial division arc the 

3. The cells originating from the la P spermatocytes results m 

division of 

tutes the fourth point of interest. The ^ ‘"“Pvhieh occurs in the 
depends to a great extent on this metan p . epididymis- 
seminiferous epithelium, but «mler£oes “mplehon 

5 The various germ celts are located in he semm 
whose structure is maintained by the Sertoli cells. 


11. Description of the Spermalogenic and Seminiferous 
Epithelial Cycles 

The spermatogenic cycle begins with a stem 
gonium, which provides the starting point of a 5 sane 

this series has completed its evolution, „ seminiferous tubule 

part of the seminiferous tubule. Thus, any s«tio s ,n 

shows several superimposed generations of g ^ seminiferous 

close relation to one another such that in “7 8"“ ° "ipps that takes 

epithelium there ts a constant succession of cellular associa 

place with a cyclic regularity. formed by the series of 
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changes occurring in a given area of the The duration 

two successive appearances of the same cellul appearance of tW 

of the spermatogenic cycle the '"•' 7 ”en tteJP^ p^^^aeed 
Stem spermatogonium and the release o P ^ formation o 

from I It thus represents the length of time necessary for the 
the spermatogenic series. 


A THE STAGES OF THE CYCLE 
' OF THE SEMINIFEROUS EPITHELIUM 


The cellular associations which may be recognized ^ring a 


cycle of the 


jd during > 'fw'O 

semmiferouTepithelium permit the various ^‘ugeyo ^ dev^ 

principal methods of classification rnny be “sed One is tas 
opment of the acrosomic system (22. 62), while the other 
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=hp.5.. .r E«". «" -"I 

mauds (Si, 92) 


1 Classification Based on Acrosome Development 

, nf Siaoes varies between or within species 

With ‘h>s system the n* of ^ 8 
(22, in Clermont and Loblond (-5) uniformly 

of the seminiferous eP>‘hehun^ spermatids, two or three pro- 

stamed idiosome ("‘“Se ‘ 2) which fuse into one single acrosomic 

acrosomic granules appear (s g ^ character- 

granule (stage 3) during the P^f^n le nuelea^urfaee (stage 4), 

ized by a slight flattening of t g gradually covers, 

then by the appearance of a head the nuclear surface 

first, one-third (stage 6), base ” the acrosomic granule and the 

At the beginning of “acrosome phase^^^th^ 

cap migrate toward as the acrosome, protrudes at the 

acrosomic granule, which is no K elongated rod (stage 

up of the nucleus s ag 9) a crescent (stage 12) The 

10) into a ,he ‘ acrosome phase ” 

maturation phase theretore, su 


Classification Based on Germ Cell Association 


T, „„„ nnH Ciesel (92) and Ortavant (Si), eight 
According to R°‘>sen- u = epithelial cycle of the ram (Fig 

stages may be defined in the seminuc ^ 

1), bull, and boar, which are described below 

. „r ihp soermatozoa release into the lumen 

Stage 1 From the e elongation It is characterized 

until the beg"''’'"g ^ nuclei only (Fig 2) 

by the presence of sper j spermatid nuclei up to the for- 

matio?o^f%l hTdirofs^U^^^ This is the phase of nuclear elonga- 

‘’’st^gf^ From tL appearance of the first divisions to the disappear- 
ance of the second maturauon dmsionsj^^ maturation divisions up to the 

Stage 5 F 

r rg“thc 'Mmr hav™ a small nucleus containing some Karyosomes con- 
ncctcd by a chromatin network 
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Stapc 6 From the appearance ot the dusty chromatin m the young 

.p to fc rf o' 

.p .. e-,-. 

complete release as spermatozoa into the lumen (Fig 7) 

Stages 1 to 3 arc characterized by the presence of a single generation ot 

spermatids, and stages 5 to 8 by two g«^^^ 

For precise analysis. ‘ f , 3^ „„d 8 in the bull (55)] 

rr:sx“ .. -pp.™. - p- 

cipal events of spcrmatogcncsts 


B FREQUENCY OF THE STAGES -y^LE 

OF THE SEMINIFEROUS EPITHELIAL CYCLE 

c r cvcles arc similar m the bull, the ram. and the 

Seminiferous cpithc lal cycl resemble the pattern 

rabbit, they differ m he bo of the first three 

of the cycle in the rat (Table l ) me r..iv u 


TABLE I 
Frequenc 

ly Ot the Stages 

ol Ihe Seminilerous Epithelial Cycles 

Stage 

Bull (5’) 

Ram (S/) 

Boar (96) 

Horse (95) 

1 

2 

3 

4 

5 

6 

7 

S 

30 S ± 0 1 

9 1+02 

20 1 ± 0 2 

12 8 ±0 2 
16+01 

5 9+01 

8 1+01 
116+0 2 

21 7 ± 0 9 

10 6 ±0 6 

18 4 ± 0 6 

10 5 + 0 5 

4 2 ± 0 4 

13 1 + 0 8 

to 8 + 0 7 

10 3 + 0 6 

10 8 ± 0 3 

14 4 ± 0 3 

3 5 ± 0 2 
n 6 ± 0 3 

8 9 ± 0 3 

20 3 ± 0 4 

18 5 ± 0 4 

12 0 ± 0 3 

16 9 ± 0 4 

14 9 ± 0 4 
3 2 ± 0 2 

15 8 ± 0 4 
7 4 ± 0 4 

13 5 ±'0 5 
12 6 ± 0 6 
15 7 ± 0 5 


: of Ihc snecs of Ihc seminiferous epithelnl cycle in 

no 1 Cclliihr comp Ecrmiml lypes present in a gnen cellular 

Ihe bull V.l ions or stipes ire .dcnt.ried by the morphological changes 

assoeiition These asso arrangements of spermatids A. and A reserse and re 

of germ cell nuclei ^ ,ypc A spermalogoni i In intermediate 

new mg ’item cc ^ type U spcrmniogonn M close to a spermflogonn 

t>pe sptrmatoconin ^ Icpiotene zygotene pachytene and diplotcnc 

meins a rcspectiicly C. secondary spcrmalocyles M. .and M Hret 

auTseLn^meiotic diMsions r. el L, round elongaling and elongaled spermatids 

rcspcctiNcly 
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stages decreases from the bull to the horse (62.2-35.09& ), while that of the 
last four stages increases (26.2—49.2%). It therefore appears that t e 
relative frequency of the different parts of spcrniiogcncsis varies among 
species. However, the rate of occurrence of .the various stages in the semi 
niferous epithelial cycle is constant for one species (52 ) . 

C. THE SPERMATOGENIC WAVE 

The succession of cellular associations takes place not only in ^ 
section but along the length of the seminiferous tubule as well (5/. 
55). Therefore, a portion of tubule displaying one type of cellular associa 
tion is followed by a portion of tubule displaying the stage immediate y 
preceding or following it in the seminiferous epithelial cycle. There is ^ 
“continuity of the segmental order" (85), Each complete spatial 
cellular associations is called a “spcrmatogcnic wave." In some places 
spermatogenic wave displays local reversal in the order of the consecutive 
stages. These irregularities are called “modulations” (51, 85). . 

The tubular length occupied by one stage of the seminiferous epUne i 
cycle is not constant. As a result a variation in the length of the sper 
matogenic wave exists. Its average length is 10 mm in the bull. Nevert e 
less, it has been observed that for each stage the relative ratio of its nie 
segmental length corresponds to its relative frequency determined on 
sectioned tubules, i.e., to their duration (5J, 55). A well-defined wave oc 
not exist in man (19. 105). 


III. The Cellular Elements of the Spermatogenic Cycle 
in Domestic Animals 


the 


After the divisions of germ cells, cytokinesis is incomplete so 
daughter cells remain connected to each other by cytoplasmic bn g® 


A. THE SPERMATOGONIA 

Spermatogonia can be defined as the germ cells which arise from the 
gonocytes and are contained in the parietal layer of the seminifeto 
tubules. Their last generation ^ves rise to the primary spermatocytes. 


1. Morphology of the Different Classes of Spermatogonia 

Several types of spermatogonia may be distinguished: the dustlike 
or type-A spermatogonia (3), the intermediate-type spermatogonia (^ 
and the crustlike (90) or type-B spermatogonia (5). The lype-A 
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Fig. 8. Bull spermatogonia (Alcian blue, Feulgen. x 850) a: Group of A., sper- 
matogonia N\ith pale and round nuclei b: Aj Spermatogonia Nvith pale and ovoid 
nuclei containing one central nucleolus, c: Intermediate spermatogonium (In) with 
more stainable chromatin round the nucleolus d* Bi Spermatogonia with round 
nuclei containing crust of stainable chromatin in the nucleoplasm along the nuclear 
membrane and around the nucleoli. 


matogonia A„ to Aa (Fig, 8a and b) are large cells, more or Jess flattened 
against (he wall of the seminiferous tubule. The nuclei, each surrounded 
by a thin envelope, are ellipsoid in shape with very fine chromatin granules 
and a large nucleolus. The nucleus of the mtermediaie-typc spermatogonia 
contains a coarser chromatin (Fig. 8c). The type-B spermatogonial nucleus 
(Fig, 8d) is smaller and increasingly spherical. Tlie chromatin granules, 
which are abundant in the ram, but scarcer in the bull and the boar, tend 
to adhere to the nuclear envelope. 

The duration of DNA synthesis increases progressively from type-A to 
intermediate-type and type-B spermatogonia {50. 53, 70), being, respec- 
tively, 10, 16, and 20 hours for the three categories of spermatogonia in 
the bull (55). 

The chromosomes differ in appearance in each spermatogonial divi- 
sion. They arc elongated during the prophase of the type-A spermatogonia 
and arc shorter and contracted during the prophase of the type-B 
spermatogonia. 

2. Spermatogonial Renewal 

During each cycle, new spermatogonia must appear to replace those 
which dcNclop into spcrmatogcfiic scries. The problem is to define the 
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TABLE II 

Variation ot the Mean Corrected Number ot 
Spermatogonia per Cross Section (10 ^m) of. 
Seminiferous Tubule In the Bull 


Stages 

Spermalogonia 

Mean number 
+ S.E.M. 

1-8 

Ao 

0.35 ±0.12 

5-1 

Ai 

2.22 +0.J5 

2 

A. 

4.60+0.10 

3 

A, 

5.63 ± 0 . 29 ’ 

4 

In 

8.37 + 0.28 

7 

Bi 

13.78 + 0.99 

8 

Bi 

20.62 ± 0.67 


■ The division of A* spermatogonia gives rise 
either to new Ai or to Aj spermatogonia. For this 
reason the ratio of A, to A» is lower than for 
mitosis of other spermatogonia. 


origin ot these new spermatogonia. Tjrpe-A spermalogonia at stages 6, 
and 8 can be considered stem cells. These divide at stages 1-3, and the new 
stem cells arise from these divisions. In the Jjull, they originate mosdy 
after the second spermatogonial division by an equivalent mitosis w / 
(Table II). In the ram the same pattern is suspected (57). Type-Ao spcf' 
matogonia (Fig. 8a) also divide randomly and can give rise to new type Aj 
spermatogonia. This could represent the mechanism by which the stern ce 
stock increases long after puberty (S). Type A,, and A, spermatogonia 
are the reserve and renewing stem cells (20). 

3. Number of Spermatogonial Divisions 

In the bull the study of the mitotic index and the frequency of cells 
labeled with Iritialed thymidine show six peaks of DNA synthesis and 
mitosis; three are type-A spermatogonia, one is inlermediate-typc 
matogonia, and two are type-B spermatogonia (Fig. 9). A few type-Aj 
spermatogonia are also labeled and divide at various stages of the cycle ot 
the seminiferous epithelium. A similar situation exists in the ram f-^^)- 

The model of spermatogonial division governs the quantitative P^ 
duction of primary spermatocytes (Fig. 10). The mean obseri'ed coeth' 
cienl of emdency of spermatogonial mitoses (leptotene/spermatogon'3 

A„ -f A,) is 16 for the ram and bull (82), 28 for the rat (/8) and for the 
boar (82), but only 4 for the human male (79). 

It is interesting to note that this efficiency coefficient in a bull with a 
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Seminiferous epithelium cycle stages 

Fig. 9. Variation of the labeling index of the germ cells during the seminiferous 
epithelium ejele 1 hour after ’H*thymidine injection in the bull. Six peaks of labeling 
correspond to spermatogonia At to B;. Few labeled A« spermatogonia arc obsersed 
during stages A to R. Prclcptotcnc and leptotenc spermatocytes arc labeled during 
stage 1 (from 5d), Spl: spermatocytes I. 

sulinorninl spermatogenesis can decrease to 10. In rams submitted to long 
d.ijliglil, it is reduced to 10 or even less (SO). In the ram, the main critical 
stage is the intermediate-type spermatogonia. 
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B. THE SPERMATOCYTES 

The primary spermatocytes, products of mitosis of the last gcncrati^o| 
spermatogonia, represent germ cells which undergo mciotic division. 
appear in mammals either slightly before the release of the spermatozoa 
into the lumen of the seminiferous tubules Iboar (96), horse (9S)] ot 
after [ram (57), bull (55)], but always before the elongation of the 
spermatid nuclei. Immediately following their formation, the nuclei of t c 
primary spermatocytes show such a great resemblance to those of ^ ‘• 
mother cells that they have often been mistaken for lypc-B spermatogonia 
(Figs. 2 and 6). Some authors have called these cells “resting spermato- 
cytes,” but this is incorrect since an active synthesis of DMA fS ~ 28 hours 
in the bull (55)] and some other compounds (55. 66, 77) occur dunng 
this phase. The term “prclcptotcne” is preferable for this phase. 

The chromatin crusts distributed under the nuclear membrane of t c 
primary spermatocytes become dispersed in the nucleus and give rise to 
thin chromatin filaments “leptotene phase.” At the end of this phase »n 
the bull these filaments contract strongly, and the chromosome spirals are 
reduced to only a few coils (55). Thereafter, the tension of the chromosome 
spiral diminishes, and long, slender chromosomes arc obtained, as m ot 


domestic animals. 

At the “zygotene phase,” homologous chromosomes pair off and synap- 
tinemal complexes appear, with the exception of the sex chromosomes 
which are included in the sex vesicle. Chromosomes gather in a 
like arrangement and become even more apparent [stages 3, 4, and 5 o 
the seminiferous epithelium cycle in the ram and bull (Figs. 3 and 4)J- 

At the “pachytene phase” each chromosome divides longitudinally 
2 chromatids, thus the chromosomes appear thicker. This phase may 
observed at stages 6, 7 (Fig. 6), 8 (Fig. 7), and 1, 2 (Fig. 2) in the ram 
and bull. 

The “diplotene phase” is characterized by the formation of chiasniata 
between the homologous chromosomes so that they are less easily 


tinguishable one from another (stage 3, Fig. 4). 

In “diakinesis,” the final and very short stage of the meiotic prophase, 
the contraction of the chromosomes is greatest, and each bivalent shows 


various arrangements. 

The end of the mevotic prophase coincides with stage 4 of the senn 
niferous epithelium, during which the melaphase, anaphase, and telophase 
rapidly occur. Secondary spermatocytes are now present. They have ^ 
spherical nucleus containing five to six particles of Feulgen DNA joioeo 
together by a network of filaments. This interphase lasts only a few hou^* 
each secondary spermatocyte then dividing to give rise to two spermatids- 
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The rate of RNA synthesis is low during the leptotene, zygotene, and 
early pachytene stages, increasing rapidly during mid-pachytene and the 
end of meiotic prophase ( 65 ). 

Meiosis also plays a part in governing the quantitative and qualitative 
efficiency of spermatogenesis. A certain number of primary spermatocytes 
do not pass through the zygotene stage; for example, when submitted to 
long daylight, rams give rise to pycnotic nuclei (50). Another abnormality 
stems from the absence of the second meiotic division resulting in diploid 
gametes (9, 38 , 46 ). 

The genetic consequences, resulting from the particular behavior of the 
chromosomes during meiosis, will not be considered here. However, an 
examination of the behavior of the X-Y bivalent may be interesting. In the 
domestic animals, the X-Y bivalent is represented by a long X chromosome 
and a very short Y chromosome. In any case, two categories of spermatozoa 
are produced. Many authors have tried to take advantage, with conflicting 
results, of the properties of these two categories of spermatozoa with the 
aim of controlling the sex ratio (27). 


C. THE SPERMATIDS 

Spermiogcncsis is the sum of (he nuclear and cytoplasmic changes in 
the spermatids. These changes govern, to a great extent, the quality of the 
final product; the spermatozoa. 

1. Nuclear Changes 

According to the morphology, spermiogenesis can be divided into three 
main periods: round spermatids (stages 5-1), nuclear elongation (stages 
2-4), and elongated spermatids (stages 5-8). During the elongating phase 
the base of the spermatid nucleus of the bull and the ram contracts; no 
doubt the primary morphological abnormalities of spermatozoa described 
in llie literature arc formed at this stage. They can be related to sub- 
fertility in the bull (72). The nuclear envelope of the spermatid is double, 
and contains few if any communicating pores between the karyoplasm 
and the cytoplasm, even though pores of this type arc frequent in the sper- 
matogonia (/ 6 ). The nucleus of ihc young spermatid although smaller, is 
similar to that of the secondary spermatocytes (Figs. 5 and 6). After 
Fculgcn staining, several karyosomes dispersed in a fine dusty chromatin 
arc seen. These granules which, after a while disintegrate into dustlikc 
granulations, become very homogeneous during stage 1 of the seminiferous 
epithelial cycle in tlic bull. Then there is some accumulation of the DNA- 
Fculgcn material at the base of the head after its narrowing. 
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At the beginning of spcrmiogcncsis, the nucleus of the spematid 
contains one or more nucleoli. In the ram the rate of incorporation o 
tritiated uridine is as higli in the nuclei of the young spermatids as m 
those of the diplolcnc spermatocytes (65), This rate of incorporation e 
creases gradually, and stops at beginning of the phase of nuclear elongation. 
Moreover, the RNA synthclized cannot be detected by autoradiograp J 
during the succeeding stages (65, 77), During the elongating phase an 
immediately after it, there is a replacement of the nuclcinr histones of t e 
somatic-type, rich in lysine, by a new type of histone, rich in arginine 
(66, 77). Thus incorporation of tritiated arginine and “''S-cystinc has 
reported in the ram at stages 4 to 7 of the .seminiferous epithelial eye e 
(67). These changes in the DNA and proteins arc accompanied at t e 
end of spcrmiogcncsis by resistance to deoxyribonuclease when an m- 
crease in the number of disulfide bonds in the nuclear proteins is obserNC 
(67). These rearrangements of the DNA molecules give a ciystalhne 
structure to the spermatozoa (709) as they become birefringent (55) an 
diffract X rays (709). 


2, The Cytoplasmic Components 

The cytoplasm is moderately dense and finely granular in appearance» 
the endoplasmic reticulum is abundartt with smooth vesicles or canalicu • 
The ribosomes arc scattered individually or in clusters throughout _ 
cytoplasm of the spermatid. As in primary spermatocytes, the mitochondn 
exhibit unusual structure: their cristae are swollen, occupying most ® 
organelles as a pseudomatrix (7). When the elongation of the sperma i 
occurs there is a shift of most of the cytoplasm toward the caudal poi® ® 
- - ^ ^ mostly 


the nucleus. Finally a certain portion of cytoplasm, containing 


lipids and RNA particles, becomes separated from the rest of the sperma 
Upon sperm release part of this material forms the residual bodies. 


itid. 


A. Golgi Apparatus and Acrosome. The formation of the aero- 
somic system is similar in various domestic mammals. Several stages can 
be distinguished which were used as a basis for a precise classification 
the seminiferous epithelial cycle (65). 


i. Golgi phase. In the young spermatid, the Golgi complex is 
posed of numerous small PAS~positive vacuoles surrounded by flatteflc 
vesicles with parallel limiting membranes (J4, 17, 87), Inside this comp^^ 
two or three proacrosomic granules appear. Both the granules and vacuo 
are PAS-positive. The proacrosomic granules gather to form a single ocro- 
somic granule, contained in a vesicle (stage 6 of the cycle). They move 
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toward the anterior part of the nucleus, and the inner membrane of the 
vesicle adheres to the nuclear membrane, which appears thicker (Fig 11) 

ii Cap phase Shortly after this, the acrosomic vesicle, flattened onto 
the nucleus, encompasses the acrosomic granule between its outer and 
inner membrane It grows and finally covers nearly two thirds of the nucleus 
in the ram and boar and a little less in the bull The remnant of the Golgi 
complex leaves the acrosomic vesicle and migrates into the caudal part of 
the cell, often disintegrating during this process 

III Acrosome phase Meanwhile, the acrosomic granule flattens grad- 
ually onto the nucleus giving rise to the aaosome (Fig 12) The combina- 
tion of the acrosome and the acrosomic vesicle forms the acrosomic system 
(63), generally referred to as the acrosome 

i\ Maturation phase Following the elongation of the spermatid, the 
acrosome undergoes no further modifications except in rodents By this time 
the nucleus of the spermatid is surrounded successively by the nuclear 
membrane, the internal acrosomic membrane, the acrosome body, the ex- 
ternal acrosomic membrane, and the c>toplasmic membrane It is worth 
mentioning that an anomaly in the acrosomic system causes sterility in the 
bull (12) 

B The Caudal Sheath or Manchette During stage 2, a transient 
structure, the caudal sheath, appears m the cytoplasm of the spermatid It 
consists of microtubules parallel to the major axis of the cell around the 
posterior part of the nucleus and the upper part of the flagellum It starts 
from the perinuclear ring a cjtoplasmic structure located near the caudal 
end of the acrosome The manchette, or caudal sheath, disappears at the 
end of the elongation of the nucleus (28, 69 84, 89) 

c The Locomotory Apparatus This consists of the neck, the axial 
filament or axonema, and the middle piece The axial filament is formed 
from the distal centnolc while the acrosomic vesicles appear (16, 106} 
At the beginning of the elongation of the nucleus, the locomotor) appara- 
tus takes up Its definitive position at the caudal pole of the nucleus TliC 
formation of the middle piece can be obscr\cd aftcr%vard (stages 2-7) 

I The tuck (Fig 13) This consists of the proximal ccntnoIc and 
nine cross-slriated fibers, four of them fuse 2 b) 2 to form the “implan^ 
talion plate ” 
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u The tail (Fig 14) A proximal section shows that the central paft 
of the axonema is now constituted by two tubular fibrils surrounded by 
nine “doublets” Each doublet consists of one dense fibril (the A fiber) 
and one tubule (the B fiber) (39) Nine coarse fibers run close to the 
fibrillar doublet Three of them (numbers 1, 5, and 6) appear larger than 
the others (76) In the distal section the two circles of fibers and fibrils 
are less distinct their outer coarse fibers become thinner and more closely 
pressed against the corresponding fibrils The coarse fibers numbers 3 and 
8 disappear more proximally than the others (76) 

III The middle piece During stages 5 and 7, mitochondria assemble 
m a spiral round the axial filament to form the mitochondrial sheath of the 
middle piece, between the proximal centnole and the terminal ring (76) 

n The mam piece The axial bundle of 9 -)- 9 -j- 2 fibrils contains 
two longitudinal ribs situated on the same diameter as the central pair of 
fibrils and surrounded by a helix of structural proteins (74, }00) This 
whole structure is surrounded by the cellular membrane (76, 61, 110) 


IV. The Sertoli Cells 

The Sertoli cells arc the somatic elements of the seminiferous epithe- 
lium It is currently assumed that in the adult they do not divide and theif 
numbers, do not. vary nucleus ts nrcgular, bavvn^ a very deep in- 
dentation, and Its triangular or elongated shape vanes during the cycle 
of the seminiferous epithelium (57, 65) It contains a large nucleolus 
which is multiicsicular in the ram and the bull (29. 75, 111) 

Electron microscope observations show that Sertoli cells do not form 
a syncytium, but that each of them is limited by a distinct membrane (14, 


Figs 11-14 Ultrastructurc of spermiogcncsis 

Fig 11 Round spcrnulid of ihe ram N nucleus G Golgi nppinlus AG aero- 
somic gninulc, AV, acrosomic \cstclc M, milochondn i, LR cndoplismic reticulum, 
C, chromaloid body 

I ir 12 riongitcd spcrnnlid of the bull showing outward from the nucleus 
nuclear membrane, inner acrosomic membrane acrosomic nnicnal, outer acrosomic 
membrane ccllul \r membr me and Sertoli cell membrane 

I «G n Llongited spermatid of Ihc bull N, nucleus. C, proximal eentnolc in 
cross section. M, mitochondria, CF, coarse fibers, AI, jxnl filament SC. segmented 
column of the connecting piece 

Fig 14 Cross section of a sperm fail in elongated spermatid of Ihc ram (polar 
view backward from the head), fibers arc numbered according lo fawccll (J9) 
(Courtesy of Dr I otr ) 
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40, 106). However, privileged zones of contact become established be- 
tween neighboring cells, giving them a high cohesion. Thus, Sertoli eel s 
arc concerned with the architecture of the seminiferous epithelium. Long, 
thin cytoplasmic processes surround all the germ cells in the tubule, ex 
cept the spermatogonia, which arc in close contact with basement mem 
brane (16, 76, 102). These processes undergo cyclic variations during t e 
cycle of the seminiferous epithelium. They are concerned with the 
lease of spermatozoa and the resorption of the residual bodies (15, • 

103). These events could be related to a coordinating role of the Sertoi 
cells in spermatogenesis. The relationship between the cytoplasm of t e 
Sertoli cells and the germ cells suggest that the former control the ex 
changes between the germ cells and their environment and regulate t e 
secretion of tubular fluid in relation to the blood-testis barrier (36). 

The cytoplasm of the Sertoli cells contains small aggregates of n o 
somes and a smooth endoplasmic reticulum, often organized into a ne 
work around the nucleus (40, 60). These cells arc rich in PAS-positive 
material, mostly glycogenic in nature (31, 40, 41), and in lipids, whose 
quantity varies during the cycle (55, 62). The turnover of these lipms i 
very rapid. In addition, the Sertoli cells are able to metabolize some 

steroids (10,34) and elaborate a specific androgen-binding protein (AB 1 

which transports androgen to the germ cells within the seminiferous ep| 
thelium and to the epididymis (9/). On the other hand, the Sertoli c® 
have been suspected as the source of inhibin (32. 43, 101) (see belowj* 


V. Establishment of Spermatogenesis in the Young Mnl® 

The growth curve of the testis (/, 8, 24, 77, 107) has the same 
pearance in different domestic mammals (Fig. 15). There is a slow grow 
rate in the first (2 or 3) months after birth followed by a more rapid one 
thereafter when spermatogenesis commences. At the end of the latter, 
eighth or ninth month after birth in the calf, and the fifth month in t 
lamb, testicular growth slows down. 

During the first period only two groups of cells are present in the s 
cords; the supporting cells, which have a small, highly stainable 
and are located along the basement membrane, and the gonocytes, wn 
large and lightly stained nuclei arc found in the central part of the 5 
cords ( Fig. 16). The supporting cells are transformed into Sertoli cells an^ 
the gonocytes into spermatogonia. The supporting cells proliferate 4 an 
months after birth, respectively, in the lamb and in the calf, they the 
stop dividing and diflcrcnliate into SertoJi cells. The number of gonocy 
increases progressively until adulthood. In the lamb many of them g" 
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body weight • (kg) body weight (kg) 

Fig. 15. Evolution of the testis weight in relation to the body weight in the calf. 
Logarithmic scale (from S). 


rise to type-A spermatogonia, followed, on about the 100th day, by pri- 
mary spermatocytes, and, about the 120th-125th day, by spermatids. The 
last stages of the cycle of the seminiferous epithelium occur only toward 
the 140-150th day (24, 93). In the calf, similar development takes place, 
but spermatogenesis does not commence until after 4 months following 
birth; the first spermatozoa appear at about the seventh month (I, 8). 
Initiation of spermatogenesis is dependent more on the development of 
the animal than on its age (24, J9, 107). Even at its beginning, spermato- 
genesis shows similar cyclic changes of the seminiferous epithelium to those 
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seen in the nduU, but its maximal efllciency is attained only after several 
months (S, 24). 

Tltc csiablisiimcnl of spermatogenesis is, ibcrcfore, a very' long and pro- 
gressive phenomenon, in which several stages after the impubcral phase 
can be distinguished; the whole sequence of events can be summarized b> 
the following {29 ) ; ( I ) impubcral phase, gonocytes; (2) prcpuberal 
cellular dilTcrcntiation; (3) puberty, release of the first spermatozoa; ( / 
first postpubcral phase, increase of the spcrmatogcnic yield; (5) secon 
postpubcral phase, adult spcrmatogcnic yield in a still growing testis, an 
(6) adulthood. 


Vi. Duration of Spermatogenesis 


The total number of spermatozoa produced per day depends upon 
the rate of development of spermatogenesis. The duration of spermato- 
genesis has been measured by following the progression of germ ce ^ 
labeled with tritiated thymidine through the cycle of the seminiferous epi* 
Ihelium. For example, meiotic prophase lakes 15 and 19 days, and 
genesis 14 and 20 days in (he ram {81) and the bull, respectively (2")* 
Generally, however, results are expressed in terms of the duration of t 
seminiferous epithelial cycle. This time varies between species (Table U r 
The rate of spermatogenesis is though! to be nearly constant {21, ^ >' 
Thus, it is possible to conclude that when spermatogenesis is disturbed, a 
certain number of cells degenerate, but those which continue their develop 
ment do so at the normal rate. The spermatogenic cycle, therefore, seems 
to be a biological constant. The time taken for the spermatozoa to pass 
along the ductus epididymis is about 1 1 to 14 days in the ram (^)> ^ to 
days in the bull (75) and in the horse (95), 9 to 14 days in the boar 
{94, 96), and 9 to 10 days in the rabbit {5, 79). 


TABLE lit 

Duration o( the Seminiferous 
Epithelial Cycle 


Species Duration (days) 


MantrV) 16 

Bull (55) 13.5 

Stallion (98) 12.2 

Ram (8/) ]0.3 

Boar (96) 8.6 
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VII. Control of Spermatogenesis 

A. ENDOCRINE FACTORS 

The impuberal testis is under pituitary control. The multiplication and 
differentiation of supporting cells are gonadotropin dependent. In lambs, 
the testis weight and the number of supporting cells which decrease after 
hypophysectomy is maintained after injection of LH. FSH has a syner- 
gistic action with LH. Testosterone is ineffective (Fig. 17). The mitotic 
activity of the gonocytes is more pituitary independent but differentiation 
into spermatogonia, giving rise to spermatogenetic activity with appearance 
of the primary spermatocytes, is under the control of gonadotropins (25, 
26 ). 

In the prepuberal testis of the hypophysectomized rat, spermatogenesis 
is stimulated by FSH (50) which also induces the secretion of a specific 
androgen-binding protein (ABP) by the Sertoli cells { 44 , 48 , 108 ). 

In the adult testis of the hypophysectomized rat, LH is able to support 
spermatogenesis, FSH maintains spermatogonial divisions but not the 
meiotic prophase or spermiogencsis (50). Testosterone or pregnenolone 
support complete spermatogenesis (2, 13 , 73 , 95 , 99 ) This indicates that 
LH acts through androgenic secretion. Androgen receptors are present in 
seminiferous tubules ( 49 ). Moreover, ABP transports the androgens to 
the germ cells ( 86 ). The seminiferous epithelium secretes mhibin, a pro- 
tein which regulates FSH, This secretion is negatively related to spermato- 
genetic activity (52, 43 , 101 ). In conclusion, although the rate of speed 



I'lG. 17. V.’iri.ilion of Ihc Icsiiv weipht. ibe iol.il number of siipporlmc cells, iind 
potiocrlcs per Icslis after hormonal supplementation in the h>poph>sectomired lamb 
(atl,ipted from 25). 
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of spermatogenesis cannot be affected by hormones such as gonadotropins 
or androgens, the number of germ cells produced during spermatogenesis 
is influenced by these hormones. 


B. EXTERNAL FACTORS 

In some domestic species, such as the boar, horse, ram, and rabbit, 
spermatogenesis shows seasonal variations related chiefly to photopeno 
and temperature. In the ram under normal conditions, spermatogenic 2 c 
tivity is modulated by daylight duration. It is at a maximum as the day ig 
decreases from 16 to 10 hours from summer to autumn. It then decreases 
and remains at a low level until the next summer. Stem and interme la 
spermatogonia, pachytene spermatocytes, mciotic divisions, and elongating 
spermatids are particularly affected {56. 80, 83). It is known that 'g 
summer temperatures decrease fertility in cattle, sheep, and swine t 
47). In the ram and boar when the scrotal temperature is artificiai y 
creased to 41 °C for 3 hours the pachytene spermatocytes are rapidly 
troyed [stage 8 of the seminiferous epithelial cycle (68, J04)]. There is 
also a transient effect on spermaiogonial divisions with an increase of pt 
phases and metaphases (/04). Some round spermatids also degenerate i 
the boar ((55). 
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1. IntroducUon 

The reproductive organs m male domestic animals comprise the testes, 
epididymides, and accessory organs (Fig 1) The testes produce the 
spcrmato7oa and the male sex hormone tcslostcronc Tlic spermatozoa 
pass from the testis into the cpidid>mis where thc> acquire the capacil) 
for fertilii) and motility and arc then stored there At ejaculation, they 
arc squeezed along the ductus deferens into the urethra and arc mixed uith 
the secretions of the accessory glands to constitute the ejaculated semen 
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Fig, 1. General view of the reproductive organs of (A) bull and (B) 
testis; E, epididymis; SC, spermatic cord; DD, ductus deferens; ISV + A, 
spermatic vein and artery; A, aorta; PVC. posterior vena cava; AM. ampu • 
seminal vesicles; P, prostate; C. Cowper's gland. RP, retractor penis muse 
bladder; U, ureter, shown cut, not to obscure the internal spermatic sein an a ^ 
which pass ventromedially; K, kidney. Drawings after Ackerknechl (/)• 


11. The Testis 


A. THE SCROTUM AND DESCENT OF THE TESTIS 

The testes of the domestic animals originate near the kidncySi 


but as 
fetal lift. 


in many but not all mammals they descend into a scrotum during i 
In birds, the testes do not migrate. During fetal life, mammalia^ 
contain appreciable amounts of testosterone, which is probably respo 
blc for the development of the male or WolfHan ducts. The regression 
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the female or Mullerian ducts also depends on the presence of a testis; the 
active principle is apparently not testosterone, but has not yet been iden- 
tified (26, 27), It is interesting that in the fetal horse, the testis reaches 
its maximal size when the fetus is only about 50 cm long (5). The testis 
of the fetal sheep contains more testosterone and androstenedione at 90 
days of fetal life than at birth or before puberty {la, 2), and the con- 
centration of testosterone in blood serum from fetal calves was higher 
between 3 and 7 months of fetal life than at 9 months, and higher in male 
than in female fetuses (6). 

The scrotum in adult domestic mammals ranges from a very pendulous 
scrotum in the ram to a perineal swelling in the pig, but in all these 
species, it serves to keep the testis several degrees cooler than body tem- 
perature. This is achieved by cooling the testicular venous blood during 
its course near the scrotal skin and then transferring this coolness to the 
incoming testicular arterial blood in the spermatic cord, which acts as a 
countercurrent heat exchanger. The scrotal skin is thinner and less well 
covered with hair or wool than other skin. It can be kept cool by an 
abundant population of sweat glands and is also well-endowed with tem- 
perature receptors which evoke powerful physiological responses in the 
animal if the scrotum is warmed {49, 50). 

If the temperature of the testis is raised to body temperature or 
slightly above for only a few hours, the animal becomes infertile for some 
time after a delay of about 14 days. This is because there are cells in the 
testis which are particularly sensitive to temperature, while the sperma- 
tozoa which have left the testis and arc stored in the epididymis are less 
sensitive. The duration and severity of the infertility depends on the tem- 
perature and the duration of exposure, and can be permanent. Animals 
whose testes do not descend into the scrotum, called cryptorchids, or 
“rigs" arc invariably sterile, although they usually retain normal libido 
because their testosterone production is only slightly subnormal {47, 50). 


B. VASCULAR SUPPLY 

The testes of mammals with scrotal testes carry their vascular supply 
with them when they descend into the scrotum, and in most species, the 
artery becomes even further elongated by being coiled in the spermatic 
cord. This coiled nrlcrj' is surrounded by a multitude of small veins which 
make up the pampiniform plexus. Once the artery reaches the testis, it 
docs not enter the tissue directly but runs along the posterior border 
under the epididymis without branching until it readies the caudal pole 
of the testis. Then it runs up the anterior border of the testis giving o(T 
branches which run into the parenchyma with only minimal branching 
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Blood flow through the testis is comparatively low so that the testic- 
ular venous blood is normally only about 50% saturated with oxygen. 
Testicular blood flow is unaffected by many factors which cause increases 
in other tissues but can readily be reduced by catecholamines {40). The 
blood vessels of the testis arc also extremely sensitive to cadmium salts 
in doses which do not affect other organs; capillary permeability in- 
creases and blood flow falls to very low values within hours after a sub- 
cutaneous injection (25). Furthermore, capillary or nutrient blood flow 
in the ram testis is appreciably less than total blood flow (22). The cir- 
culation through the testis seems therefore to be rather unusual and war- 
rants additional investigation. 

The parenchyma of the testis is encased in a tough capsule, the tunica 
albuginea, which in many species contains contractile cells and may affect 
pressure, and therefore fluid movements, within the testis (9). 

C. INTERSTITIAL TISSUE: LYMPH AND TESTOSTERONE PRODUCTION 

The parenchyma of the testis is formed mainly by the seminiferous 
tubules, first properly described by de Graaf in 1668 {10). These tubules 
are convoluted, roughly cylindrical structures, which are closely stacked 
together leaving three-sided spaces in between. These interstitial spaces 
contain the blood and lymph vessels, the nerves, and also the Leydig cells 
which almost certainly produce the majority of the testosterone. Leydig 
ceils are reasonably sparse in the ram and bull. The lymph vessels in 
these species are discrete and are usually situated near the centers of the 
miersiUial spaces, quite unlike the large lymphatic sinusoids found in the 
rodents. In the boar, the Leydig cells are extremely abundant and the lym- 
phatic vessels are quite inconspicuous {J8) (Fig. 3). Nevertheless, both 
the ram and boar testes produce comparatively large amounts of lymph 
which is very similar to blood plasma in composition, including its high 
protein content. Moreover, this high concentration of protein is not re- 
duced if lymph flow is increased by venous congestion or locally heating 
the testis, suggesting that a high protein fluid is filtered by the testicular 
capillaries. However, their structure is not that of highly permeable vessels 
and tlicir permeability is not sufficiently high to produce differences in the 
rale of transit of labeled red cells and proteins; this means that testicular 
capillaries arc not as permeable as liver capillaries {46). 

Tlic structure of the Leydig cells is ijpical of steroid-producing cells. 
Tlicrc is an abundant smooth endoplasmic reticulum and prominent mito- 
chondria, fat droplets, and a nucleus. The identification of the Leydig 
cells as the main source of androgens is based on the production of the 
hormone in \iiro by isolated interstitial tissue at a much greater rate than 
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Fig, 3. A diaprain of the tnientilial tissue of (A) ram and (B) boar (esUS- 
ram the interstitial tissue contains a central l>mph vessel, blood capdW 
clumps of Leydis cells m a loose connective tissue. Some of the I-cjdiff 
grouped around capillaries, others arc not. In the boar, most of the intersci • 
is filled bi the numerous Le)dig cells uith small lymph vessels and blood 
in among them Reproduced by permission of the publishers from Favveett t 

by ibc lubulcs. rurthcrmorc tlic steroidogenic enzyme 
dehydrogenase can be predominantly localized in the Lcydig cells b> 
chemical techniques. TTtc testosterone is formed from cholcsicro ' 
is either taken up as such from the blood stream or synthesize^ 


9. MALE REPRODUCTIVE ORGANS AND SEMEN 235 


acetate in the Leydig cells. The cholesterol is then converted to pregneno- 
lone in the mitochondria. The remaining steps of testosterone synthesis 
take place in the smooth endoplasmic reticulum or in the cytosol (7) but 
a number of possible pathways are available (Fig. 4). Different pathways 
may predominate in different species or under different conditions. 

It is not known how the testosterone from the Leydig cells is transported 
into the blood, but blood plasma from the internal spermatic vein contains 
about 20 times as much testosterone as arterial blood does when it enters 
the testis. There is also a high concentration of testosterone in testicular 
lymph. It would therefore appear that the tissue fluid bathing the semini- 
ferous tubules contains much more testosterone than does arterial blood. 
This is an important fact to remember when studying the effects of paren- 
terally administered steroids on the seminiferous tubules. It is necessary 
to inject much more hormone than the Leydig cells produce to get the 
same effect in the testis and these large doses then have unphysiological 
effects elsewhere in the body. However, because of the large differences 
in flow rate (1200 ml/hour blood, 10 ml/hour lymph in the ram) there 
IS much more testosterone being carried from the testis to the rest of the 
body in blood than in lymph { 40 ). 

The production of testosterone is regulated by luteinizing hormone 
(LH) from the pituitary { 12 )\ human chononic gonadotropin also in- 
creases the concentration of testosterone in both testicular venous plasma 
and lymph in rams { 30 ). Circulating testosterone, in turn, controls LH 
secretion by negative feedback { 31 ). 

The release of testosterone into the blood is not steady, (here arc sharp 
peaks in the testosterone concentration in blood plasma from the in- 
ternal spermatic vein as well as in peripheral blood. It is not certain 
whether or not these peaks arc associated with fluctuations in release of 
LH from the pituitary. 

In rams there are also important seasonal variations in the rate of 
testosterone production (25), although this does not vary as widely as in 
the vcr>' seasonal breeders such as red deer (29). 

D. SEMINIFEROUS TUBULES 

The spermatozoa arc produced in the seminiferous tubules, which arc 
long convoluted tubular structures, usually two-ended, the ends of which 
open into the rctc testis via the short tubuli recti (Fig. 5). TIic semi- 
niferous tubules arc about 0.20 mm in diameter and in a 250-gm testis 
of a ram, the tubules total about 7000 m in length, and comprise about 
90Cr! of the organ. In the boar, the proportion is much lower because of 
the greater abundance of Lc>dig cells. T'hc tubules have a lumen with a 
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Flo. 5. A diagram of the left testis and epididymis of a ram viewed from the 
lateral aspect. The arrangement of the seminiferous tubules (ST) inside the testis is 
assumed to be similar to that in the rat, except that the rete testis (RT) is central 
in the ram. The seminiferous tubules are joined to the rete by the short tubull recti 
(TR), At the dorsal pole of the testis, the rete joins the elTerent ducts (ED), which 
then run into the head (H) of the epididymis, or caput epididymidis. This is doubled 
back on itself and is closely attached to the surface of the testis. The head leads to the 
narrow body (B) of the epididymis or corpus epididymidis and then to the bulbous 
tail (T) of the epididymis or cauda epididymidis. The ductus deferens (DD) arises 
from the medial face of the tail of the epididymis so its origin cannot be seen on 
this diagram. It runs up the spermatic cord with the artery and vein, as far as the 
inguinal canal. 

diameter of about 0.08 mm, which is normally filled with fluid. The 
boundary tissue of the tubules has a clearly defined structure, consisting of 
an outer cellular layer, an outer nonccllular layer, an inner cellular layer 
consisting of smooth musclelikc or myoid cells, and an inner nonccllular 
layer which is particularly well-developed in tlie ram as a many-laycrcd 
collagenous matrix (40). Immediately inside the boundary tissue arc two 
types of cells, Sertoli cells and spermatogonia. The latter arc confined be- 
tween the boundary tissue and pairs of Sertoli cells which form specialized 
tight junctions above them. The Sertoli cells arc diploid cells which do not 
divide in adult animals; the spermatogonia arc also diploid, but they 
divide milotically to feed cells into the spcrmatogcnic cycle (sec Chapter 
8). At the beginning of the mciolic prophasc, the prclcptotcnc spermato- 
cytes get around or through the Scrtoli-Sertoli tight junctions, and spend 
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lium, as the heads of the spermatozoa are extruded into the lumen while 
the Sertoli cell retains most of the spermatid cytoplasm. A steroidogenic 
function has also been proposed for the Sertoli cells, but the evidence for 
this is extremely indirect. It is, however, quite likely that the cells inside 
the tubules transform one steroid into another, as many tissues do, without 
synthesizing steroids de novo. {15, 16). One very important function 
which has definitely been ascribed to the Sertoli cells is the synthesis of a 
specific androgen-binding protein. This protein facilitates entry of testos- 
terone from the interstitial tissue into the tubules, and its production is 
under the control of FSH {24). The production of this protein has recently 
been demonstrated in isolated cultures of rat Sertoli cells {20) . 

In immature or hypophysectomized rats, FSH has also been shown to be 
bound to the seminiferous tubules and to liave a number of metabolic 
effects there, some effects being evident within minutes of injection. As 
these effects can also be demonstrated in testes of rats treated in utero so 
that they contain no germinal cells, it seems likely that the primary site 
of action of FSH is the Sertoli cell (56). 

The Sertoli celts are probably also the source of the fluid secreted into 
the lumina of the seminiferous tubules. This fluid can be seen if a portion 
of the lumen of a tubule is filled with colored oil. As secretion continues, 
the fluid breaks up the column of oil. The fluid can be removed for analy- 
sis; it is low in sodium and chloride and high in potassium and probably 
in bicarbonate. The spermatozoa arc presumably carried from the tubules 
by the fluid into the retc testis and then into the ep/didymis. Fluid col- 
lected from the rete testis, however, is quite different from the fluid 
secreted in the tubules. The fluid normally present in the tubules is inter- 
mediate in composition between retc testis fluid and that secreted in the 
tubules {45, 46). It has therefore been suggested that there are two fluids 
secreted, one in the tubules and another, in much larger quantities, in the 
rcte, and these arc mixed in the tubules during the expulsion of the 
spermatozoa. It is not known whether this is due to an ebb and flow effect 
or whether fluid is drawn in at one end of the tubule and expelled from 
the other. The two-fluid hypothesis is supported by measurements of the 
concentrations of spermatozoa in the various fluids. 

Rclc testis fluid is also diflerent in composition from blood plasma or 
testicular lymph, with regard to its inorganic {45, 46) and organic con- 
stituents. There is very little protein, and practically no glucose in rctc 
testis fluid, but there arc high concentrations of certain other substances 
such as inositol and glutamic acid, and appreciable amounts of testo- 
sterone {40. 41). It is also being used as a source for a nonstcroid hor- 
mone, '‘inhibin,*’ which is produced by the seminiferous tubules and which 
R'gulatcs the production of FSH (43). 
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E. THE BLOOD-TESTIS BARRIER 


The fact that rctc testis fluid and seminiferous tubular fluid differ m 
composition from blood plasma and testicular lymph suggests that su 
stances do not diffuse freely in and out of the seminiferous tubules. Sue a 
conclusion was also suggested by studies with injected dyes which stame 
most tissues, but did not stain the contents of the seminiferous tubu es or 
the brain. The finding with the brain was avidly received and led to t e 
important concept of the blood— brain barrier, but the observations on t 
testis were ignored for many years. Eventually, the quantitative signi cance 
of the blood-testis barrier was established by infusing a series of mar er 
substances into the bloodstream in such a way as to maintain a cons a 
concentration in the blood plasma while testicular lymph and rete cs 
fluid were collected. The rete testis fluid was taken to represent the ui 
inside the tubules while lymph was thought to represent the 
the interstitial spaces. All the markers used passed readily from 
into testicular lymph, suggesting that there was little or no restriction 
passage through the capillary wall, unlike the brain. However, there w 
a great variation in the rate at which the markers appeared in 
fluid. Some markers, like tritiated water, appeared almost as quick y i 
rete testis fluid as in testicular lymph, but others, including some QUi 

small molecules like the chromium salt of elhylenediaminetetraacetic ac 
(Cr-EDTA) do not appear at all in rete testis fluid in experiments last' ^ 
up to 6 hours. Glucose enters the tubules by facilitated diffusion, 
including the gonadotropins enter very slowly. Testosterone enters ^ 
but other steroids enter more slowly and cholesterol is virtually exc u 


( 46 . 44 ). ^ 

The assumption that rete testis fluid mirrors the fluid inside the tu u 
may not be entirely justified and because the volume of fluid secrete 
the tubules is probably much less than that secreted in the rete, 
ments of the entry rate into rete testis fluid may give very misleauiufc 
results if the rale of passage through the wall of the rete is very 
from that through the tubule wall. Therefore, other indirect 
have been developed to study the entry of substances into the fluid m 
tubules themselves, because the samples which can be removed by 
puncture for analysis are too small for the sort of experiment desco 
above. Basically the same results were obtained as with rete testis i u • 
and it would therefore appear that the permeabilities of the retial a 
tubular cpithelia are similar. On the other hand, there is evidence that t 
rete is more permeable to dyes and proteins than the tubule, and 
immunological reaction which occurs when an animal is injected wh” 
own spermatozoa or testis homogenized in Freund’s complete adju''^ 
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seems to begin at the rete testis and spread from there along the tubules. 

The blood-testis barrier in the seminiferous tubules can be morpho- 
logically localized at one or two sites in some species but these studies 
have not yet been performed in the domestic animals. In rodents, the 
myoid cells form end-to-end junctions with one another and these restrict 
the entry of most electron-opaque markers at most sites. However when 
the markers do pass the myoid cell layer, which they do at a small pro- 
portion of sites in rodents, but almost everywhere in monkeys and fowls, 
they penetrate around the spermatogonia and between adjacent pairs of 
Sertoli cells as far as the specialized junctions between them (Fig. 6). 
The markers stop there and do not make contact with the spermatocytes, 
spermatids, or spermatozoa. 

It should be emphasized that all the markers used for electron micros- 
copy are fairly large molecules, and smaller molecules may have a dif- 
ferent route of entry, e.g., through the Sertoli cells. However, it is clear 
that the cells in the process of mciosis and their haploid offspring do not 
have ready access to the blood plasma or lymph and must rely on what is 
passed to them by the Sertoli cells. 

The blood-testis barrier develops just before puberty. Its effectiveness 
seems to depend on temperature in a rather curious fashion, and is de- 
creased after administration of cadmium salts and immunization of the 
animal with a mixture of testis homogenate and Freund’s complete 
adjuvant. 

The significance of the blood-testis barrier is not fully understood, but 
presumably it is concerned with creating the most favorable conditions 
for spermatogenesis, or more specifically for the meiotic division inside 
the tubules. The barrier would also limit the access of gonadotropins to 
the germinal epithelium, particularly the spermatocytes onward. This 
makes it more likely that these hormones, in particular FSH, exert their 
primary tubular effect on the Sertoli cells, to which access would be much 
easier, although still somewhat restricted. Since testosterone penetrates 
so readily, it seems most unlikely that there would need to be de novo 
synthesis of this compound inside the tubule, although if testosterone is 
transformed into other nonpermcable compounds inside the tubules, the 
barrier would sen e to retain the metabolites inside the tubule. 

The barrier also has important immunological consequences. It segre- 
gates the germinal cells, particularly the haploid cells, from the body’s 
immunological system which is the reason why these cells are treated as 
foreign cells when injected into the body. The barrier also prevents nat- 
urally occurring antibodies, which react with spermatozoa and haploid 
germinal cells, from reaching these cells under normal conditions (42, 
44, 46). 



242 B. P. SETCUELL 


F. TESTICULAR SPERMATOZOA 

When the spermatozoa leave the testis, they arc far from mature. 
arc virtually immobile, incapable of fertilizing eggs, and still contain 2 
small globule of cytoplasm (called the cytoplasmic or kinoplasmic drop- 
let) around the midpiecc just behind the head. Their composition an 
metabolism are quite different from those of ejaculated spermatozoa ( )• 

Unfortunately, almost all the studies on the metabolism of tesheu ar 
spermatozoa have been done in synthetic media resembling plasma more 
closely than rcte testis fluid and therefore it is difficult to relate t ese 
studies to the situation m vivo. However under almost all conditions so 
far studied, testicular spermatozoa arc quite different metabolically ront 
epididymal or ejaculated spermatozoa. The latter convert a high propot 
tion of glucose to lactate, even under aerobic conditions, whereas 
lilar spermatozoa convert a larger proportion to carbon dioxide an 
amino acids and to intracellular inositol, lipids, carboxylic acids, an 
number of unidentified perchloric extractable compounds (45, 

Recently, however, ram and boar testicular spermatozoa have bee^ 
incubated in a saline medium that resembled rete testis fluid in its 
composition and that was buffered with carbon dioxide bicarbonate, 
addition of glucose, inositol, glutamate, or ascorbate (all compos 
present in high concentrations in rete testis fluid) to this medium^ a 
very little effect on oxygen uptake, although the same spermatozoa me 
bated in rete testis fluid have a significantly higher oxygen uptake t 
when incubated in the saline medium iiJ). It is also worth noting 
testicular spermatozoa do not metabolize glucose via the pentose c> • 
In this, they resemble ejaculated spermatozoa, but differ from the " 0 
testis which has a relatively active metabolism of glucose via the 
cycle (45). Testicular spermatozoa contain appreciably more * 
epididymal spermatozoa, and are capable of synthesizing lipid from glue 
at a much greater rale than ejaculated sperm. These lipids may be imp 
tant sources of metabolic substrate for the spermatozoa during 
sojourn in the epididymis (45). 


111. The Epididymis 


A. STRUCTURE 

When the spermatozoa leave the testis, they pass through the 
ducts into the epididymis. This is a compact fibrous organ closely jjy 
to the posterior or superior border of the testis, and it consists basie 
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of a single \crj' consoIiKcd duct. Usuall 5 ' the cpididjmis is divided ana- 
tomically into lic.id, body, and tail (caput, corpus, and caudn cpidith midis); 
the hc.id and tail arc the enlarged portions at the two ends, the body the 
thinner part in between (Pig 5). Hossescr, the microscopic anatomy of 
this duct \arics apprcci.ibK along its length, as the function of the epi- 
didymis changes Complicated anatomical siibdisisions have been pro- 
posed but It is prob.ibly suliicient to consider that there are three main 
segments, namely initial, middle, and terminal segments. Tlic initi.al Seg- 
ment h.as .1 high epithelium and a narrow lumen containing very few 
sperm; it is probably involved in the rc.ibsorption of most of the fluid 
leaving the testis. Ihc middle segment has a slightly lower epithelium 
ami a wider lumen with m.iny spermatozoa; in this segment the spcrliia- 
lozon “mature" (sec below). "I he terminal segment has a low epilhchiim 
and a very wide lumen pached with spermatozoa; this is the storage Vile 
tor the sperm, itozoa awaiting cj.aciil.iiinn. Unfortunately this siilxlivision 
based on histology and (unetion does not always coincide with the ana- 
tomical suixlivisinn. In the ram and bull, the head of the epididymis con- 
tains the initial scgmcni and p.iri of the middle segment, although the 
I'mirnlary between the latter and the lermin.il segment does coincide with 
the boundary I'etvsecn bi'dy and t.iil In other species the situation can 
dilTci (2/), 
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Fig, 7. A graph of the sodium (clear columns), polassium (diagonal I'S 
ing), chloride (dots), and gljccrylphosphorylcholine (close hatching), concen 
in the seminal plasma, and the spermaiocrit (stars) in fluid from the 
(RTF), head (H). body <B), and tail of the epididymis (T), and ejaculate 
(E) of (a) rams, (b) bull, and (c) boar. The cpidymal samples were from 
house material; the rest from conscious animals Based on values from 
Mann (32-35 ), While (5/) and Seichell {^0 and unpublished). 


C. SPERM MATURATION 

Tlic transition from the immotilc, infertile spermatozoa whicli 
icsiis to motile, potentially fertile spermatozoa occurs at a fairly s 
defined area of the epididymis (at least in rabbits, hamsters, 
which most of the work on this topic has been done; this point ^-jjny 
yct been studied in the larger domestic animals). In the rabbil. lb® 
of the sperm to fertilize is acquired in the distal half of the bod) 
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epididymis, although the proportion of fertile sperm in this zone may 
still be less than in the tail of the epididymis or the duetus deferens. The 
role of the epididymis in the development of fertility of the sperm was 
established in experiments in which the spermatozoa were retained in 
various parts of the epididymis with ligatures. Those held in the most prox- 
imal parts of the epididymal duct never became fertile; those held jus! 
proximal to the zone where fertility is usually acquired, did become fertile. 

The capacity for full progressive motility also develops in the corpus 
epididymidis, but in contrast with fertility, motility can develop in rabbit 
spermatozoa when they are held by ligature in any part of the epididymis; 
however, spermatozoa held in the cauda retain the capacity for full motility 
tor 30 to 60 days, whereas the motility of those held in the caput persists 
for only a few days. Thus, there appears to be a separation possible of 
the development of motility from that of fertility. 

The survival of spermatozoa passing through the epididymis depends 
on normal androgen production by the testis; castration or hypophysec- 
tomy rapidly causes death of the spermatozoa but injections of testosterone 
can keep them motile and fertile. Other androgens such as 5o-androstan- 
3o:,17;8-diol which have a lower androgenic potency than testosterone 
on the accessory glands may be more effective than testosterone in main- 
taining the spermatozoa in the epididymis. Similar effects can be dem- 
onstrated in spermatozoa held in specific parts of the epididymis by 
ligatures and again the capacity for fertility and motility can be dissoci- 
ated. The effective androgen is probably blood-borne, not carried in the 
rete testis fluid, as ligation of the efferent ducts is without effect on the 
spermatozoa already in the epididymis (.38). 

A number of morphological changes also occur in the spermatozoa as 
they pass along the epididymis, the most obvious being the movement of 
the kinoplasmic or cytoplasmic droplet along the midpiece and its even- 
tual loss. In the stallion and bull this loss occurs in the middle of the 
caput; in the ram and boar it occurs immediately distal to the caput. The 
droplet is a remnant of spermatid cytoplasm and contains, like the acro- 
some of the sperm, appreciable amounts of many lysosomal enzymes. The 
shape of the acrosome in some species also changes as the sperm passes 
down the epididymis. There are also subtle changes in the sperm plasma 
membrane, and the chromatin of the nucleus of the spermatozoa also 
becomes more stabilized due to the formation of — S — S — linkages (3). 

D. PASSAGE OF SPERMATOZOA THROUGH THE EPIDIDYMIS 

The spermatozoa leave the testis in the rete testis fluid which carries 
them into the caput epididymidis. There most of the fluid is reabsorbed 
and, as their further movement along the duct seems to be unaffected by 
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ligation oE the elTcrcnt duets, it seems likely that 

muscle surrounding the epididymal duct is responsible for their m 

within the epididymis. . . ^.,t„„pnesis (see 

Using techniques similar to those used tor timing ,h„ugh 

Chapter 8), it has been shown that transit time of the sp 
the epididymis is about 13 days in the ram, about 1 1 days ^ 

9-14 days in the boar, and 8-10 days in the rabbi . frequently 

decrease in the transit time in animals which transit 

but this reduction is usually only about 10 to 20% 
time (3). 


E. FATE OF UNEJACULATED SPERMATOZOA 

There are two schools of thought on the fate of 
tozoa. One suggests that the spermatozoa are destroyed an 
in the male tract, and the other suggests that they are ^xtru 
urethra and then washed away by the urine. The mam evi ^^gfully 
former view comes from failure to find enough .jon rates, 

collected urine samples to account for calculated sperm pto 
Nevertheless, it is strange, in a sexually inactive male, that jjidy- 

degenerating spermatozoa can be found in the epithehum o gjjtita- 

mis and ductus deferens. On the other hand, there is now g 
live evidence for the latter view in rams. If the spermatowa i 
are prevented from agglutinating, thereby becoming (j with 

accurately, the output in the urine over a period does ^um- 

the number emerging from a catheter in the rete testis. However, ^ 

ber in the urine is highly variable from day to day, and t ere 
possibility that quantitative differences may exist between g( that 

The effects of ligation of the ductus deferens in the ram gpj. 

spermatozoa in this species do not degenerate in the lumen o ^ 

didymis; degeneration only occurs when the duct ruptures o 
spermatocoele. Similarly, in the bull, there was a fibrotic cn 
the ductus deferens at the site of vasoligation where most of t -ossi- 
tozoa accumulated and probably were absorbed, although it was n 
blc to tell whether rupture of the duct had occurred (3). 


IV. The Accessory Glands 


A. ANATOMY 

The main accessory sex glands in the male are the ^'bulbO' 

nal vesicles, the prostate, and Cowper’s glands (also known as 
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urethral glands) (Fig. 8) all of which produce secretions which contribute 
to ejaculated semen. There are also other urethral glands (Littre’s glands) 
and preputial glands, but little is known of their function or the composi- 
tion of their secretion. 

The ampullae appear as dilations of the urethral end of the ductus 
deferens. They are particularly well developed in the stallion but absent 
in the boar. 

The seminal vesicles are situated on either side of the neck of the 
bladder and were so named because they were thought to act as a store 
for “semen” from the testis. Although this is almost certainly not correct, 
it was a reasonable deduction in man, as in this species the ductus def- 



ITci. a. Dlagrammalic view of Ihc dorsal aspect of the accessory ttlands of (a ) hull, 
|b) ram. (c) boar, (d) stallion, le) rabbit, and If) dog. SV, seminal scsicle; P. 
rrost.ite. in the ram inside the nrcihral muscle; C. Cosspcr*s glands; A. ampull.r of the 
dtictus deferens ID); U, titcler; II, bLiddcr; OS. glandula seminalis; GV, glandul.r 
scsicniaris (a), (c). and fd) after diagrams in Fclstcin and /tucterman (//), If) 
after dutgrams in AcVcilnccht (/), and tb) and te) from fresh specimens. 
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erens and the seminal vesicles open into a commo J 
This duct is not found in any of the domestic am , Hie 

ductus deferens and seminal vesicle open ^ ^ ‘ large 

dog has no seminal vesicles. In the bull '’7;-‘'^;^,,"bit, there are 
and contribute a large fraction of the eiaculate. In the 

two organs with a common duct, the glan u a seminal 

“glandula vesicularis,” which are thought to be homolog 
vesicles, of other mammals. the 

The prostates lie caudal to the semmal vesicles, , 3)5 is in- 
bladder joins the urethra. In the domestic muscular 

conspicuous, as it is disseminate and does not pene 
covering of the urethra. In the horse and pig. "'^,, 8 '“™ 11,3 pros- 

within the muscle and outside as a discrete lobe, n * relatively 

tate is the principal accessory gland and, as in man, 1 
large, prominent organ which completely encircles the urct ra. ^^ 3 ^ 3 ! 

The Cowper’s or bulbourethral glands are associated wi re- 

portion of the urethra and drain into the pelvic urethra in us 
gion. In the bull, ram, and stallion they are ^ j;’ s which 

absent in the dog, but in the pig they are large cyhndncal b j 
produce a very viscous secretion most important in the pro 
tion” of boar semen after ejaculation (11,32). 


B. SECRETIONS OF THE ACCESSORY GLANDS 

In. most species, the secretions of the various accessory con- 

tute the bulk of the ejaculated semen. Certain of the . gjands- 

stiluents of seminal plasma are contributed by certain in ivi^ Qgjtol, 
These substances include fructose, citric acid, ergothioneine, m 
prostaglandins. A knowledge of the origin of these 
important in assessing the function of the individual glan ® on 

composition of the semen. A summary of the available ° mainly 

the origins of the specific components of seminal plasma, ^^se ** 

on the work of Mann and his colleagues is given in Table • of 

formed in the tissue from blood glucose via sorbitol; the ^ ggcm 

formation of the other compounds is less well understood but t y is 
to be synthesized in the glands concerned. GIycerylphosphor>’ c 
produced not in the accessory glands, but in the epidid>Tnis. gj-etion of 
The function of all of these glands is dependent on the se ^ ^jfje 
testosterone by the testis, and the concentration of the (^ 32 - 

constituenls in the semen is closely related to testosterone * jjimo* 

55). The Cowper's glands of wethers (castrate male sheep) are ® 
latcd to hypertrophy by estrogenic compounds found in su 
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TABLE I 

The Origins of CharaclerisUc Substances Found in Semen” ‘ 



Bull 

Ram 

Goat 

Boar 

Stallion 

Dog 

Rabbit 

Seminal vesicle 

FCi(e-) 

FCPr 

F 

fCIE 

C 

Gland 

FC 







absent 


Prostate 




c 


P(c-,f-) 

Fc 

Cowper's gland 




S(c-.i-) 


Gland 

c 







absent 


Ampulla 

fc 


f 

Gland 

Ei(f-,c-) 


FC 


absent 

“ Based on data from Mann (32, 33). 

* F, fructose; C, citric acid; I, inosiloi; E, crgothioneine; Pf, prostaglandins; P, proteolytic 
enzymes; S, sialoproteins. Capital letters indicate high concentrations, lower case letters 
indicate moderate to low concentrations, lower case with minus sign in parenthesis indicates 
substance virtually absent, 

clover, sometimes leading to obstruction of the urethra and consequent 
clinical problems { 37 ). Secretion by the dog prostate is stimulated by 
injections of pilocarpine, suggesting that this secretion is normally under 
parasympathetic control ( 32 ). 

V. Semen 

The ejaculated semen ccmpriscs the spermatozoa suspended in the 
seminal plasma. 'Hi^yol^e of the ejaculate ranges from 1 ml in the ram 
lo as much as *500 ml in the boar,” and the "concentration of the sperma- 
tozoa varies inversely- 

A. SPERMATOZOA 

The structure of a typical ejaculated mammalian spermatozoon is illus- 
trated in Fig. 9. The head consists mainly of highly condensed chroma- 
tin, its anterior half covered by the acrosome. In the domestic mammals 
the acrosome is a reasonably inconspicuous structure.! but in some rodents 
it takes quite extravagant forms. It consists_of an inverted membranous 
sac containing a specific lipoglycoprotein complex which includes a num- 
ber of enzymes such as hyaluronidasc an'd^acrosin. The former breaks 
down mucopolysaccharides and is probably involved in dispersing the 
cumulus oophorus. The'lattcr is involved in the penetration of the sper- 
matozoa through thc zoim pcllucida of the egg. Techniques have recently 
been developed for removing the acrosomes from the spermatozoa with- 
out damage (5). The caudal face of ihc head is indented to allow atiach- 
mcni of the midplccc and tail. These arc formed around a central struc- 





Fig. 9. Diagram of an ejaculated mammaltan spermatozoon with cross 
various Icscls. as indicated. A, acrosome, Nuc, nucleus; Mi, mitochondria* sirgi^ 
helically arranged around the midpiece (MP); AC, axonemal complex o one 

central and nine pairs of peripheral microtubules; DOF, nine dense annul*^ 

of which.corresponds to each of the nine peripheral pairs of microtubules. ‘ ' jojipal 
marking the end of the midpiece and mitochondria, and the beginning of t e 
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ture of 9 -f- 2 filaments, a formation which is common to many cilia in a 
wide range of organisms. Outside each filament is a “dense outer fiber” 
which may have some contractile function. The tail is encased in a fibrous 
sheath (39), but the midpiece is characterized by the mitochondria which 
provide the energy for the motility of the spermatozoon and which are 
helically arranged around the fibers of the tail (Fig. 9). The tail of a 
bull sperm beats at a rate of about 10/second and the sperm can progress 
at about 100 ^m/second in physiological saline but rather less in cervical 
mucous (32. 4). The nucleus contains a haploid set of chromosomes 
composed primarily of deoxyribonucleic acid (i.e., half that in somatic 
cells), combined with basic proteins to form deoxyribonucleoproteins. 
Because the X and Y chromosomes are separated during the meiotic 
division, the spermatozoa should form two populations, “male-producing” 
and “female-producing” but claims that these two populations have been 
separated have not so far been substantiated. 

The mature spermatozoa contain very little cytoplasm (the remains of 
the spermatid cytoplasm which form the cytoplasmic or kinoplasmic 
droplet left attached to the spermatozoa when it leaves the germinal epi- 
thelium, is lost from the sperm during its passage through the epididymis). 
Therefore, it is not surprising that the sperm contain very little ribonucleic 
acid. However, the spermatozoa do contain appreciable amounts of neu- 
tral lipids and phospholipids, some of which may be utilized by the sperma- 
tozoa as energy reserves in the epididymis. It is interesting that in bull 
and ram sperm, a high proportion of the phosphoiipid is choline plasma- 
logcn (also known as pliosphatidalcholine) which differs from lecithin 
(phosphatidylcholine) in having a vinyl ether linkage attaching one of 
the fatly acid side chains to the glycerol skeleton (32—35). 

The metabolism of spermatozoa has been studied in some detail. Bull 
and ram spermatozoa arc capable of breaking down fructose or glucose 
rapidly to lactic acid under anaerobic conditions, but boar and stallion 
sperm do so at a much slower rale; sperm from all species can oxidize these 
sugars to carbon dioxide under aerobic conditions. Anaerobic fructolysis 
by bull and ram sperm is closely correlated with motility, but the relation- 
ship with fertility is less certain. A number of oilier substrates can also be 
ulili/cd including lactic acid, pyruvic acid, acetic acid, glycerol, and 
sorbitol. 

llic motility of spermatozoa is highly correlated with the intracellular 

piece (PR)* In Ihc firsi pari of the principal piece, Uenic ouler fil>crs 3 and 8 
tcrnunaic and arc replaced by inw.ird extensions <R) of the lonpitmlinat columns (L) 
of ihc Hbrous shc.nb The fibrous sbeath stops ol the junction of the principal piece 
and the cndpiecc d'P). Reproduced b> permission of the publishers from Fawcett 
( 17 ). 
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content of cyclic AMP (adenosine-3',5''CycUc monophosphate), and this 
important coenzyme is readily lost from the sperm during storage or if 
they are damaged. By contrast, the levels of NAD (nicotinamide adenine 
dinucleotide), another important coenzyme, do not decrease during lim- 
ited storage, although the ratio of oxidized to reduced forms can be 
readily altered. 

The production of organic peroxides during storage may also exert 
important toxic effects on the spermatozoa ( 32 - 35 ). 

B. SEMINAL PLASMA 

As already indicated in the section on the individual accessory glands, 
Seminal plasma contains a number of .substances in muc h hig her concen- 
trations than occur elsewhere jn_tbe body} It is curious that many of these 
substances are characteristic of plants rather than animals! Those studied 
so far include fructose, citric acid, inositol, ergothioneine, glycerylphos- 
phorylcholine, glutamic acid, and certain enzymes. The concentrations 
found in the different species are given in Table II. *It should be em- 
phasized that the concentrations are dependent on the rate of testos- 
terone secretion by the testis, and may vary in different samples of semen, 
or in different portions of the one ejaculate, if the contribution of the 
different accessory glands varie^ Ejaculation is not instantaneous and a 
“split-ejaculate” method can be^ used to collect fractions of the ejaculate 
in a number of species including boar and stallion, and the bull if electro- 
ejaculation is used. For example, in (he stallion, pre-sperm, sperm-rich, 
and post-sperm fractions can be collected. The pre-sperm fraction is 
watery and contains few sperm and low concentrations of ergothioneine 
and citric acid. The sperm-rich fraction also contains most of the ergo- 
thioneinc which comes from the ampullae. The post-sperm fraction is 
mainly seminal vesicle secretion, and contains few sperm but a high con- 
centration of citric acid. There is often a later fraction which drips from 
the stallion’s penis after dismounting, but this is very low in spermatozoa 
and not at all representative of the whole ejaculate ( 32 - 35 ). 

However, from a study of a composition of the whole ejaculate or the 
appropriate fractions a great deal can be learned about the sperm and 
hormone production by the animal. Semen collection has the tremendous 
advantage that it docs not require any surgical intervention and can be 
used repeatedly on one animal. 
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I. Introduction 

Although the use of aruncjnl insemination has been slowed by both 
rational and irrational arguments, no other new technique has been wel- 
comed with so much appro\al throughout most of the world Used for 
mating of about 20^r of the world’s cattle and millions of sheep, goats, 
swme, and horses (/i*?), artincial insemination ma\ be the best example 
m agricullurc of rapidl> applying bisic laborntorj research data to wide- 
spread industna) practice 
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In this chapter, the physiological f More ex- 

tion, and insemination wUl be lists will be found ® 

tensive discussions and more mclusi ^ 69, S7, 

many recent reviews on specific spaces or topics t 

88, no, 112, 132, mi. 


11. CollecUon of Semen 

Realization of the maximum benefits taq''™' 

upon the collection of maximal numbers involves equipment and 

intervals from geneticaily superior ^"^imaining libido in the 

procedures which can be used repeatedly harvest the largest nuui 

male. Collection techniques and frequencies 'vlt”* 
bers of sperm over the longest period of time are desirable. 


A. GENERAL PRINCIPLES AND PROCEDURES 

During semen coliection, an area f-’^'P^txl^ve distraint. ThU 
handler, yet which allows the male freedo handling bulls 

may be accomplished with posts or for the animal- 

wearing hard hats {41), and rr’'*'"® T°a„d frefof distractions. Li« 
Surroundings should be relatively quiet ' 'ted female may ^ 
mounts, such as an estrous female or an ^"ogen be 

necessary, but many bulls, rams, and stallions an ^^a,ber 

trained to mount a dummy (F'S- '>■ “ ' restrained to minim'^ 

stud animal. Live mounts should be careful y 
movement, but use of a flexible stanchion or even a horse 
(141) may help to prevent injuD'. 


1. Artificial Vagina 


The foundation for the rapid expansion of artificial mseimn^^^^^ ^ 


The foundation for the rapiu expansiou yj. “ methou u 

been the use of the artificial vagina. The artificial vag (,,bc 

choice for collecting semen from bulls, stallions boar 

species (4l)-, it has been successfully used for coll fi 

(126) and dogs (52). . among sp«'' 

Although the size and shape of the artificial vagin ly at 


ificial vagina vary a 

and several modifications exist from the basic lacLcl of 


oasic ; ] 

similaVin“d«ign to the one illustrated in Fig. 2. frrcd by th 

eoliecling unit is filled to a temperature “"d P^f P opening ‘ 
species {43, 44) and, if known, by the individual. The 
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F{g 1 Dummy and live mounts used for semen collection (id'ipted from reference 
44) (A) Top, dummy cow constructed from pipe (left) completed padded dummy 
(right) Bottom dummy mare (B) Dummy ewe with ^rt^fic^l vagin^ secured for 
Semen coUeciion (C) Bonr moxmting dummy on sBp proof mat (D) Station mount 
ing hobbled restrained and tail b^ndagcd marc 

the artificial vagina is lubricated to provide comfortable passage of the 
penis The collecting lube may be calibrated to allow rapid estimation of 
semen volume 

2 Electroejaculalion 

When males arc not trained to serve the artificial vagina, or suffer 
from injury, or infirmity, or when conditions arc not conducive to normal 
mounting and ejaculation, clcctrocjaculation provides a method for col- 
lecting healthy semen of normal riabiJity Ncu’cr models of clectrocjicu- 
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OUTER JACKET 



Fig. 2. Artificial vagina used for collecting semen. 


lators generally employ a single recta! probe with bipolar electrodes- 
Rhythmic application of electrical stimulation to the male leads to 
tion from the sex accessor>’ glands and, finally, to ejaculation. Very goew 
results have been obtained with electroejaculatiori of bulls, rants, 
other species (5i), but the procedure results in discomfort and lovrft® 
semen quality when used in boars (44} and dogs (23). 

Although fertility of semen collected by electroejaculation has com- 
pared favorably with that collected using the artificial vagina, recent ev>* 
dence suggests that ram sperm collected by electroejaculation are mor® 
susceptible to cold shock and less likely to survive freezing and thawinS 
(124). 


3. Other Methods 


As mentioned above, boar semen may be collected using an 
vagina; however, significantly more sperm per ejaculate were collecte 
using the gloved or bare hand (o grasp the penis of the ejaculating male 
(77, 702). Since this method is simpler and less expensive and 
boars (or collectors) are more easily trained to accept it, the “gloveu 
hand technique appears preferable for collecting boar semen. 

Masturbation is the preferable method of collecting semen from dog5 
(79. 84), chickens (41), turkeys (20), and geese (777). 

Samples of semen can be collected by massacing the ampullae of bu 5 
(747), by collecting semen from mated females, or by killing the 
and stripping the cells from the reproductive tract fas has been done 
the rat and the elephant (66)}. TTiesc techniques frequently lead to 
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laminated samples with disproportionate contributions from the sex ac- 
cessory glands. 


B. EFFICIENCY OF SEMEN COLLECTION 

The ultimate benefits of artificial insemination would be realized if all 
of the sperm cells produced by superior sires could be collected and uti- 
lized for insemination; however, many sources of sperm losses exist, in- 
cluding losses before collection, losses during collection and handling, and 
cell attrition during processing and storage. 

1. Daily Sperm Output 

Using histological and cytological methods to determine the cell types 
present in testis tissue samples or homogenates, investigators have calcu- 
lated the daily sperm production in several species (6). More recently, 
insertion of a cannula into the rete testis has allowed others to directly 
measure the daily exodus of sperm from the testes of bulls (7, 170) and 
rams {169), If the surgical insertion or the presence of such a cannula 
does not alter the rate of sperm production, this method offers the ulti- 
mate in accuracy for determining daily sperm production rates (6). 

When sperm are collected at an optimal frequency (the fewest collec- 
tions per week that result in a maximal number of cells collected) for a 
period of time, the daily sperm output can be directly measured. As 
shown in Fig 3, sperm output was increased in the stallion by increasing 
the number of weekly ejaculations from 1 to 3, but additional collection 
periods were without effect {116). 

Table 1 summarizes current estimates of daily sperm production rates, 
daily sperm output, and the efficiency of sperm output for a number of 
species. When estimates of sperm production rates were made from histo- 
logical samples, it appeared that preejaculation losses of sperm were very 
large, especially in cattle. However, more recent data on sperm collected 
by reic testis cannulas (7. 169, 170) suggest that sperm production rates 
arc lower than previously reported. Indeed, the data of Amann et al. (7) 
suggest that negligible numbers of sperm arc absorbed by the bovine 
epididymis and daily collection of semen accounted for most of the sperm 
produced. 

2. Effects of Sexual Preparation 

Restraint of bulls or false mounts will increase numbers of motile 
sperm in the bull ejaculate by as much as 509r (141). Hafs ct al. (59) 
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NUMBER OF COLLECTIONS /WEEK 


Fio. 3. Numbers of sperm collected from stallions with different 
collection (drawn using data from reference 116). 


frequencies 


of 


TABLE 1 

Dally Sperm Production Rales, Sperm 
Animals' 


, r Farm 

Output, and Colleclion Elfidency 


Dail> sperm Daily sperj” irnSO/DSP) 

production (DSP) oulput(DSO) U 

(I0*cells/day)» (lO’cclls/day) ^ — 


Dairycaitlc I3.2ib.3j • 33 

ncefcalUc 4.0 »•> 65(90) 

Sheep >0-9t7.8) 7-' 85 

Swine *7.1 • fO 

Horse 7.9 • 65 

Rabbit 0-23 1_-— ^ 

- Calcul-itcd from data in rcfcreiiccs (A. 7, 4S, 116 169. and f '0>- ^^nubicd 
M'sumated from histological samples of lestev Recent data “ 
estimate DSP for dairy bulU and sheep arc summari/cd m pafcntnoc%. 
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showed that either restraint or false mounts would increase the number 
of cells ejaculated, and that three false mounts over a 10-minute restrain- 
ing period could increase total sperm nearly threefold for dairy bulls (l^ig. 
4). Smaller increases were found for beef bulls (4). Large increases in 
total (261%) and motile (278%) cells were also found in the ejacultues 
of boais restrained up to 10 minutes compared with unrestrained boars 
(23). 

The assumption that “teasing" procedures will be beneficial for other 
species cannot be made. A recent study by Pickett ci al. {117) indicates 
that these procedures increased semen volume in stallion ejaculates at the 
expense of sperm concentration, resulting in no overall change in total 
sperm ejaculated. 

3. Increasing Sperm Output 

Since natural mating, ejaculation, and genital massage all cause in- 
creases in blood oxytocin in bulls {149), it has been suggested that ocy- 
tocin is, at least in part, responsible for the improvement in ejaculates 
following sexual stimulation. Improvements were found in sperm jjer 



Fjc. 4. EtTect of rcstr.-jint and fatse mounts on the number of sperm ejecnhlctl by 
bulls, expressed as a percentage of the value (lOOfp) for unrestrained, unteased 
bulls (adapted from the data of Hafs rf of. (J9)I. 
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ejaculate when oxytocin ‘ sexual stimula- 

but no attempt was made to determme whether ettects 

tion and oxytocin were independent. increased the move- 

Hafs c, «!. (60) reported that f-J and increased the 

nrent of sperm into the ductus „ere found in bulls 

number of sperm in the first 7,'“^ mounts or not (54) 

whether the bulls were sexually before collection, 

if prostaglandin injections were 6'''“ ^ h ,jaco- 

Precollection injections of prostaglandins hormone had no bene- 

lated by stallions (25). but daily ^“‘'‘’"l^^^^cerations and spenn 
ficial effect on semen of rams; indeed, yie 
numbers per ejaculate were decreased by tbe treatmen ( 

4. Sources of Sperm Cell Loss 

As discussed by Amann (6) several factom "J!^soem output. These 
ference between sperm production and ^^J.^portions of the 

include losses in the artificial vagina losses ^ and losses 

semen (i.e., the gelatinous fraction of ^ addition males may Pf 

in transfer from collecting to storage some spaces, 

sperm in the urine or may spontaneously ejaculate, 
epididymal resorption of cells may occur. 


111. Semen Evaluation 

Obviously, the only valid measure of semen viability character- 

fertility of inseminated females. However, a number „pic and to 

istics can be used to evaluate the general quality oMhe 
estimate the extent to which it may be extended. (-onsiderah') 

vary widely between species (Table II) and may dc h to 

from the average of the species. The ultimate ° ‘’techniques, 
accurately predtet semen fertility using rapid, inexpcnsi 

A. GENERAL EVALUATION volume char- 

A properly collected semen sample should be near 'he 'f “ fj,„.ipi 
actcristic of the species (Table II) and free ’ j cream) 

matter. Depending on the species, the ^ , h^naque in appee'" 
white (bull) to a watery grey (dog), but all should be oP fi yclIovPj 
ance. indicating a high sperm concentration. In ° ^^ation with 

semen is normal, but "oil colors” may be indicative of conta 
urine, blood, or foreign material. 



TABLE li 

Chariicterlstics of Semen from Farm Animals 
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Motility is one of the most widely used tests for semen quality. The 
test, properly conducted, has been considered a good indicator of 
sperm viability, but it must be recognized as only one factor jn bovin 
fertility {.43). Furthermore, motility may even be a poor measure 
fertility in boars, rams, and stallions {41, !36). The proportion o mo i 
and progressively motile cells is determined subjectively during micr ^ 
scopic evaluation of the sample. In some cases, objective evaluation 
motility has been conducted (/7f) but use of such techniques is n 
widespread. 

As sperm cells die, they become permeable to eosin. Therefore, 
stain can be used to determine the ratio of live: dead cells in a samp^^ 
{141). Stained slides may also be used to examine the morphology^^ 
sperm. Abnormalities of the head, midpiece, and tail may be due to 
feclive mechanisms in the reproductive tract of the male or to ^ 
caused during collection and processing (141). In recent years, 
in the acrosome of the sperm head have been related to sperm fer • ‘ 
(see Section ^ 

Concentration of sperm cells in the semen is estimated using a 
cytometer for initial or occasional samples, but use of a calibrated spe 
photometer is common for routine assessment of sperm 
111, 141). Electronic cell counting equipment can also be used ( 
Accurate determination of concentration, semen volume, and 
live cells is essential in estimating the maximum dilution of sperm ' 
can be prepared for artificial insemination. ,. .. 

Measurement of the metabolic activity of sperm cells after standa 
tion for sperm concentration is positively correlated with cellular ac i 
{43, 141). Glycolytic activity can be estimated by glucose uptake, 
lysis, or lactic acid production. Oxygen consumption, carbon 
production, or pyruvate oxidation can be measured directly or estim 
indirectly {141). Bufiering capacity, electric conductivity, resistance 
cold shock, and in vitro livability also measure sperm vitality. 


B. PHYSICAL AND BIOCHEMICAL EVALUATION 

Based on light and electron microscope studies, Saacke and 
workers {131, 132, 134. 135} and Wells et al. {174) have sugS« 
that alterations of the acrosome cap may reflect detrimental chang ^ 
the sperm cell. Increases in such alterations were found 
aging and injury {131, 134). with infrequent semen collection 
and with incubation or frcczc-ihaw damage {I3S). In more 
studies, Saacke and White {131} reported that the frequency of > 
acrosomes in semen was highly correlated wiih feriiliiy of bulls 3 
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individual semen samples. Fragmentary data suggest that a similar rela- 
tionship may exist in boars {123) and rams {156). 

Alterations in acrosomal membranes which occur with injury to sperm 
may also lead to the release of acrosomal contents, including enzymes. 
If this is so, an assay of the release of acrosomal enzymes into the seminal 
plasma should provide an early indication of damage sustained by sper- 
matozoa during collection, processing, or storage. Foulkes and Watson 
{47), using laboratory tests, confirm that a relationship exists between 
seminal plasma hyaluronidase levels and measures of damage to bull 
sperm, but the relationship to fertility has not yet been tested. Similarly, 
Brown et al. {21) suggested that glutamic-oxalacetic transaminase levels 
increase in seminal plasma following freeze-thaw damage to bull, boaf, 
and turkey semen, and Tash and Mann (163) reported a loss of cyclic 
AMP from cells following damage to ram, bull, boar, stallion, or chicken 
sperm. 

C. COMPETITIVE FERTILIZATION 

By insemination of mixed ejaculates from two sources (heterospermic 
insemination) it is possible to compare the fertilizing ability of both 
samples based on their competitive performance within the same female 
tract. It is necessary that the source of the sperm cel! which fertilizes each 
ovum be determined. As discussed by Beatty et al. {12), the ability to 
distinguish fertility differences between two males is improved by a factor 
of 170 to 340 when heterospermic as opposed to homospermic insemina^ 
Tire \ised. \5smg Uomospermre rimes 

many matings must be made, compared with assessing fertilizing ability 
in direct competition. 

Heterospermic inseminations using breeds of different colors (//, 12, 
33, SI, 99, 106, 115, 127), animals of different blood types {3, 6, 158), 
or chemical “marking” of sperm cells {13, 119, 121) as ihe basis for 
identifying “successful” sperm in competitive fertilization schemes have 
been used to evaluate semen from different males or different semen treat- 
ments using cattle, mice, rabbits, sheep, and swine (77, 90, 115). The 
combination of “marking” semen and investigation of early embryos for 
preferential sperm penetration {13, IJ9, 121) promises to be an impor- 
tant step forward for rapid evaluation of semen and processing techniques. 


IV. Preservation and Dilution of Semen 


Seminal plasma contains sufficient environmental agents to maintain 
ejaculated sperm for relatively short periods of time. If sperm arc to be 
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diluted and stored prior to ‘dditiZ'’a"'semen 

seminal plasma must be extended. nossible and prolongs tte 

(which increases rhe number the spe™ 

liability of the sperm) must with preservation anj 

to withstand the unnatural n4]) have summanze 

artificial insemination. Salisbury „ j, an extender must a) 

the criteria for a satisfactory extender. In gen , p de a 

be of an osmotic pressure ^perm cells, (0 P'^ 

proper balance of minerals essen . j; ^d) protect sperm « 

lide an energy source for sperm ™«f°'‘*™’Jac ty against metabote 

against cold shock, (e) ?»''■<»'= "7^ Jon,, bacterial or m- 

pfoducts, and (f) be free of and sper f e,- 

fectious organisms which might Pt<we harm^ ,p,„n cells 

tenders must contain cryptoprotective agents pr 
during freezing. 


1 COMPOSITION OF EXTENDERS (DILUENTS OR „„ 

Since Phillips (141 ) discovered the beneficial ° extenders fc' 

extension and preservation of sperm f'“''''\”“Jjmary benefit derfvrf 
several species have uthized t^s ^ -- 


,e primary ociiv* 

against cold shock while satisfactorily mamlamingtotd^y.J^ .^^ 

milk is healed prior to use (14 ) The milk p X ■ (f07)- 


milK IS neaieu prior to use (Ml). Ihe milk P^lf "■ (;07).. 

csmblished Is the' agent responsible for Pt=''“P°" ° ^ ,„boIe pro*'®' ,',!' 

Although yolk or milk constituents may r=P'a« 'h volk, 

semen extenders, virtually all extenders shock. 


milk,' or’ a combination of the two. for " ““%“J‘dTumX!I“;f i" 

x/Bunering_caEac!t>L,rs frequently prgyidei ^ -r^-^ient b“he' - 
■yolk-containing buflers ‘’“‘JSPlS-mmtanate, potassium eWu- 


nized milk contains sulhcie"' 

r yyoik-coniainmg uu..e.=, "“‘apry:rfC7i!iSiX-r.„,,t,„mte potassium '■ 
/agents in itself. Extenders h^^?S^!K5^tdSah.carb^^^^^^^ „,„o- 

ridc or potassium tartrate, and various sugars P 
larity and buftering capacity (41) 


buftering capacity (4/). fructose, "hich 

Semen contains a variety of constituents, panic y ference 

be utilized for metabolic energy. Sperm utilize glu 
trucosc (43). but cither can be used as an exogenou (crt. US 

The detrimental effects of bacteria on sperm • _.,4;,;on of ^ 

. . in nnrt 


of extended semen were lirst overcome, ... t-“’ "* .he . 

fanilamidcaOLthc medium {31). and ^hination of P' 

penicillin and sircptomscin (2) to extenders. Th 
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development of ambient temperature extenders in that country. The addi- 
tion of caproic acid to the IVT-CUE type of extender, followed by gassin^ 
with nitrogen UOO), resulted in a new extender called “Caprogen. 
Caprogen successfully maintained maximum fertility for a I-day perio a 
ambient temperature which was sufficient for the needs of New Zea an 
breeders. ^ ^ 

Another extender, designed to reduce the amount of perishable egg)® 
in the ambient temperature medium, contains 15% coconut 
nutrient source (CME extender). For ambient temperature use o > 
latter extender, as little as 0.5% egg yolk may be used (103). 
tension of semen results in excellent fertility for 4 or more days ( ’ 

but similar extenders without coconut milk and with low egg yol^^ 
maintained similar fertility (86}. 

IVT has been used for preserving boar semen at temperatures a ov 
5°C (45) and CME is eRective in preserving buffalo sperm, but little wor 
has been done with ambient temperature preservation of semen t 
other species. Lapwood and Martin (78) used saline-sugar extenders co 
taining veronal-HCl, sodium sulfate or sodium tetraborate, with or 'Vit o 
the addition of milk solids, to maintain ram sperm at body temperature ■ 


2. Preservation of Semen at 5*^0 

Most semen used for inseminations prior to the availability 
semen was maintained at refrigerator temperatures (4°-5®C) to 
metabolic rates and prolong sperm fertility. The first extenders . 
were the yolk-phosphate-based media, but improved microscopic 
of sperm in yolk-citrate extenders (44) led to widespread use of 
latter. Many modifications have been made to the basic citrate exten 
(141), but it remains the most widely used formula for sperm prese 
tion, with 20% egg yolk in buffer the generally accepted level for P 
tcction against cold shock (45). 

Heated homogenized or skim milk has been used as an 
semen from bulls (5), boars (/O/), horses (93), and dogs (^7), 
alone or in combination with sugars (141), glycerol (/75), 
yolk (S9). 


^ C. FROZEN SEME 

Although earlier observations suggested that sperm cells couW 
freezing, the real idea of storing frozen semen was not accepted p; 
serendipitous discovery that glycerol would protect the cells from if 
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damage Since that time, freeze preservation has been developed 

and used for bull sperm and is being developed for most other species. 

1. Cryoprotective Agents 

The addition of glycerol to 5-10% concentrations in semen extenders 
is routinely used for freeze preservation of bull sperm, with 1% most 
common for yolk-citrate and 10% used with milk extenders {41, 141). 
These levels of glycerol, however, tend to be toxic to sperm from some 
other species, so lower (1-2%) concentrations are frequently used for 
freezing sperm from stallions and boars {49). 

A number of other agents have been investigated for cryoprotective 
properties, including ethylene and propylene glycol {20, 150), dimethy 
sulfoxide {20, 32, 108, 109, 152), high levels of nonpenetrating sugars 
such as lactose, raffinose, and arabinase {15, 26, 98, 139), and high levels 
of metabolizable sugars, such as fructose {28). The best cryoprotective 
results have been found, in general, when combinations of these chemicals 
are used, often to reduce the amount of glycerol necessary for cryoprotec- 
tion {139). 

2. Packaging Frozen Semen 

Sperm are commonly packaged in one of three ways: (a) glass am- 
pules, normally containing 0.5-1. 2 ml of frozen semen; (b) polyvinyl 
chloride straws with a volume of 0.25 to 0.5 ml; (c) pellets containing 
about 0.1 ml. In some cases, larger ampules or straws (22, 75, 114), 
gelatin capsules {38), or polyvinyl plastic bags (55, 83) have been used 
to freeze larger volumes of semen. 

Since the use of frozen semen was developed for the cattle industry, 
l.O-ml glass ampules were used almost exclusively for storing the sperm. 
This method of packaging permitted automated labeling, filling, and scal- 
ing of sperm in packages suitable for a single insemination. As reviewed by 
Pickett and Bcrndlson {114), however, reports of superior sperm liv- 
ability, greater storage efficiency, and higher conception rates resulting from 
sperm stored in plastic straws have led to rapid increases in the use of 
this packaging technique. Although the 0.25-ml straw has been popular 
in Europe (24), the greater adaptability of 0.5-ml straws to automated 
handling has led to their preferential use in the United States {114, 85). 
Diluted semen is held in straw's by poljwinji chloride plugs, nylon plugs, 
steel balls, or electrostatic compression. 

Nngasc and his colleagues in Japan (96-98) developed a method of 
pelleting semen for frozen storage by dropping about 0.1 -ml drops of cx- 
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TABLE III 

The Influence of Amylase and /?-Gfucuronf' 
dase on Ihe FetUlHy of Frozen Bull Sperm" 


Enzyme 

Level 

(/tS/ml) 

Percentage 
of control 

None 


100 

o-Amylase 

I 

W2 


W 

104 

^-Amylase 

i 

J04 


JO 

J03 

^-Glucuronidase 

)50 

106 


* Values are ufitteighjed means eaJculaied from 
the daia of Hafs et a!. (56. 57, 72), Sullivan and 
Elliot (;6/). and Linford (SO). 


would improve fertility of bull sperm. Subsequently, Hafs et al 
ported that ^-glucuronidase increased bovine fertility beyond that obtains 
with amylase. These workers (56) also showed that a-amylase was a* 
effective as the fi form in improving fertility. Other iaboralories have con 
firmed these findings (SO, I6I: Table III) and have suggested that tlie 
effects of the enzymes might be additive (80). 

Studies have been conducted on the addition of hyaiuronidase {90) on 
fertility, but no consistent beneficial effecls were found. The addition o^ 
steroid hormones such as androstenedione, estrogen, progesterone, an 
testosterone at high levels (40 ng/ml), seems to depress respiration > 
rooster (446), bull (8), and ram (95) semen, but no effects of 
or progesterone were found in fertility trials (90, /57). Similar resu 
were found when prostaglandins (754) or other hormones (W 
added to semen. 

Altered respiration has been found following the addition to 
follicular fluid (SI, JOS), oviduct or uterine fluids (64, 105), nynhn"'’ 
(79), caffeine (65), or a variety of other chemicals, enzymes, arid ® 
rnoncs (90); none of these agents has been shown to have an effect 
tUity of the semen. 


B. ALTERING SEX RATIO 

Experiments designed to separate sperm bearing a Y chrotnosc®' 
(maJc-producing) from those containing an X chromosome ^ 

producing) have been conducted foe more than 40 years. 



10. ARTIFICIAL INSEMINATION 275 


involved the use of treatments designed to selectively promote or destroy 
one type of sperm or to physically separate one from the other. 

Procedures based on a variety of theories have been attempted including 
early insemination or acidic condition to increase female offspring (P, 61), 
antisera to differentially neutralize sperm (.14), separation by sedimentation 
(27), electrophoresis (55), centrifugation (69), altered atmospheric pres- 
sure (6S), and use of media of varying pH (2P), but none of these proce- 
dures has been highly successful (69, 143). Sperm fractions collected after 
treatment must be tested by inseminating females and determining the sex 
of the resulting offspring. The process requires extended periods of time 
and large numbers of animals, 

A major advance in distinguishing Y-bearing human sperm was re- 
ported in 1970 (10) when a quinacrine-staining body was identified 
as the Y chromosome but conclusive verification is lacking. Attempts to 
use this technique in nonprimates have not been successful. Ericsson et al. 
(39) reported that quinacrine-staining sperm were more highly motile 
than nonstaining sperm and that a preparation of almost entirely “Y- 
bearing” sperm could be separated from the mixture of X- and Y-bearing 
cells (leaving behind a mixture of X-bearing and slower-moving Y-bearing 
sperm). This enrichment of one sperm type has been repeated in one 
laboratory (155) and the concept of unequal motility has been supported 
in others (67, 129), but contradictory results exist (40, 130). 

As reviewed by Schanbacher (143), Bhattacharya (unpublished) 
claims to have modified the quinacrine technique for use in bovine sperm 
but convincing data on sex of offspring with such sperm are not yet 
available. 

A possible “spin-off” benefit of studies designed to increase the pro- 
portion of sperm of one type was noted in the studies with human sperm 
(39, 130, 155). In each case, the treatment increased the proportion of 
morphologically normal, highly motile sperm, whether separation occurred 
or not. Electrophoresis of bull sperm did not separate X- and Y-bearing 
cells, but increased fertility by 10%, compared with control sperm (55). 

Although most treatments which influence the testis are without effect 
on sex ratio (42), recent work with the Chinese hamster suggests that 
treatment of males with caffeine (172) or theophylline (173) selectively 
reduces the development or viability of Y-bearing sperm, resulting in a 
proportional increase in female offspring. 


C. HETEROSPERMIC INSEMINATION 

As discussed in Section HI.C, the mixing of semen from different males 
frequently results in a ratio of offspring different from 1:1, even if equal 
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, ,11 7/5) Furthermore, the ° 

numbers of viable sperm are use ^ ; generally superior to t 

fertility following .'"““"“'ation with the same males (f2. 

mean rate following homosperm.e ^ ,ed on the groun* 

63 115 158 ). Since improved fertility could be expect 
,tat eggs would automatically b^eueW ^ ^ 

semen component in a mixture, ^ P component m 

spermic mixture to approach (or > f d equal in other wa)h 

mixture 1158 ). It two or more mMes are „ pedigree o 

if differences in fertility have not been f by charactenst.es o 

offspring is not of importance (or be utifized to inip»'= 

the offspring), heterospermic insemination m y 
overall fertility of semen samples. 


VI. Insemlnalion of the Female 


A complete listing of techniques for the "p^ots” f these 


viable, healthy sperm are deposited ,ion to ovulation. S'-'" 

site in the female tract at the optimum b™ J" ^ ^b c,e all req"®" 
ful herdsmen, technicians, and proper semen handling 

to this end. 


A. DETECTION OF ESTRUS 

Since the fertile life of eggs in most species is ^ “ (ChaP‘« 

may require capacitation before they are capaWe f “ jljcult to del^' 

1 1 ), insemination should precede ovulation. Ovulation is d^m „( 

mine routinely, so inseminations are usually related to the t.m ^ 

'^'Estrus in the cow is characterized by the psychic "'“"''rroly altemp' 
The cow may bawl frequently and is usually costless. Sh 
mount other animals and will stand to be mounte . p,onounccil' ' 
and mucus is often secreted. Similar, but gcncrallj less p 
d.cations of estrus arc found in ewes, sows, and of anim^ ' 

Estrus can be recognized by frequent, careful ob determine.*' 

especially when reproductive records arc available P by the tfa'", 

expected time of cslrus. Where animals cannot be ^ ^ 

herdsman, detection can be improved with the use o icslosie'C**' 

with chin ball (bulls) or harness (rams) marhers (ZZ. 
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treated females ( 73 ), or pressure-sensitive indicators on the rump of fe- 
males ( 147 ). In some cases, inseminations are conducted at an appointed 
hour following treatments designed to synchronize estrus, whether symp- 
toms of heat are observed or not ( 33 , 122 , 144 , 153 , 165 ). 

B. TIME OF INSEMINATION 

Early work by Trimberger ( 166 ) and Trimberger and Davis ( 167 ) 
showed that maximum fertility was achieved in cows inseminated from 
midestrus to the end of estrus (Fig. 6). Since then, others have studied the 
period of fertility in detail, and confirmed the results of these workers. 

Few data are available on the optimum time of insemination in other 
species, but indications are that the ewe should be inseminated about 11 



Fig, 6 Fertility of cues, sows, anti cows following insemination at varying times 
in relation to the onset of estrus. The shaded areas designate the duration of estrus. 
The arrow represents the time of ovulation. 



278 w* R- GOMES onset of 

.0 15 hours before ovulahon 

„,r„5 (17 113) for maximum fertility ( S corresponding to 30- 
Zl 9 and 15 : exhibited maximum 

hours after the beginning of estrus ( . 

ferlUUy (^22). hours before the end o estrus 

Marcs ^Curth day 

ranges in length from 2 to 7 days J i„3,cd on the third or fourt 
are not available, the ™aro .s fet m estrus 

„f estrus. then on alternate days tor me 


are not available, the duration of standing ■ 

of estrus, then on alternate days tor 

113). 


C. SPERM NUMBERS AND INSEMINATION VOL insemW- 

AS shown in Table II, the ""^f/Sraoronly to 
tion vary widely between ^ ' ,he “state of O’"/'' ' The 

ences in animals, but also cells for maximum J' ajy 

lecting, preserving and <>«P°*“'^S number of motile «''* ”f,cediiS 

commonly accepted value for a fTable H). requiring the 

in bovine inseminations is ten ' hf o'' 

oi up to 30 ™'«-JPr.Xrd rX^-ntion of *not»' 


of “up w 30 miUion sperm in each ^'f cells in the f”'' 

betm' recovery of motile cells and redu ed reten.io^ number Pno» 
age package and insemination rod, y needed fo^ 

celis needed for freezing and t e " ^ extenders and use o 

semination (to 3-6 miil on; obtain satisfactory fernl 

without freezing have ailm^d s^e^^^^^^^ ■ — ^ 


,US - 

of tota' 


without freezing have allowed researchers o - 
'^XrXX"XX:"X:her than ^cow 
. whtrh satisfactory lei 


The values shown in Table 11 tor p , been 

the lower limits with which ^nnsfactory fcrt.hty ^^cre "-“I 

reflect the numbers of cells routinely used m those sp 
varying cell numbers have not been use insemination 

When similar numbers of tolal living cells are , of 

is relatively less important except in and gilts „f 

tended semen are routinely used '“r %ears, larger vo um 

110, 122) and 50 ml appear minimal. F°r ma y y ^a^^ 

semen (10-100 ml) seemed essential for maxim suft 

recent data have shown that a dose as low as 0.6-1.5 

^ Although 1-ml doses of semen have resulted increas^^. 

cattle for many years, the use of smaller ® freezing ,^is 

cep.ion rates (114), probably because of "'“^e uniform ^ 
ing rates; indeed, 0.25-ml straws may be superior 
respect (24). 
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D INSEMINATION TECHNIQUE 

In the cow, the best fertility can be obtained with the rectovaginal 
technique (760), with deposition ot semen in the anterior portion of the 
cer\i\ or m the uterine body (52) for first inseminations Subsequent in- 
seminations should be in the anterior cervix only, to prevent disruption of 
existing pregnancies {44 J4}') Use of vaginal inseminations or speculum- 
assisted inseminations gives poorer results m cattle (760) 

In animals too small for use with (he rectovaginal technique, use of a 
speculum (sheep and goat), guiding the insemination rod into the cervix 
with a glo\ed finger (dog and horse), or introduction of the inseminating 
rod without use of intravaginal guidance (pig, cat and rabbit) are alter- 
natives Where possible semen should be deposited into the uterus, m 
some cases (sheep and dog), elevating the hind quarters of the female 
during or after insemination may be helpful {88) 

Recent work by Pickett et nl {U3) indicates that excessive palpation 
of the reproductive tract before insemination may be detrimental to 
fertility of mares On the other hand, stimulus of the reproductive tract, 
including massage of the clitoris after insemination (725), may improve 
conception rates in cattle 
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Much of what is known about fertilization and development of the 
early embryo has been learned from invertebrates and lower vertebrates 
Greater availability and relative size of eggs from these nonmammahan 
species facilitated carl) studies of these developmental processes Refine- 
ments in supcrovulation techniques, rn irfro embryo culture systems, and 
equipment for micromanipulation have only recently allowed extensive 
study of the same processes in mammalian embryos For reasons of ccon- 
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omy and convenience, much of the °5] "’fhe mouse and rabbit; 

been done using laboratory anima , ^ ^^j^velopment in domesU 

hypotheses concerning fertilization j olher species. Current 

animals must rely heavily upon results oWained mmarkably simila 

evidence suggests, however that ^ ^ laboratory to doroesU 

among mammals and cautious extrapolation from ^ 

mammals is possible. ., morphology a” 

In most mammals the ovulated ^ spend a comp [' 

size, approximately 100 ^m m diameter. .f® similar roitotm 

able period of time in the oviduct und^SO^ " ^ feom differen 

divisions. Current information „se many of the same 

mammals have similar nutnent ? dee thal generalizations of fed 

metabolic pathways, ft is with this huowl dge tha^ gene ,, 

ization and preimplantation development n domes^^^^^^ g,,en. 

made. When available, information pertaining 


1. The Egg at Ovulation 


A. MOHPHOLOGY surrounded or 

The cytoplasm of a freshly ovulated ““y^j/fP’^umulus oopho^J- 
the vitelline membrane, the zona pellucida Immedm 

The zona pellucida is a noncellular mucoprote follicular de^ ^ 

surrounds the vitelline membrane. It 's/n™=d d g folhc 

ment by gradual accumulation of material be „anulosa cell nue 

cells. The zona pellucida is penetrated by egg g the ooO 

villi which may provide biochemical “nimunicat ^ proted' 

and the follicle (S2). It probably functions both as m ment of >>' 

__j 1 ... tho ;mmpHiaie chemical en .ii,„-id3 i' 


inded 


r functions botn as mev ^j^onnient « 
fo7the egg and by regulating the immediate chemical envi^r^^ 


meii‘ “ 

tor the egg and by regulating ...e pel'^’f, a 

egg (S2). Survival of early embryos 15 reduced whe , 

'• : , oo^ Ir, etoiTip soecies It 


he zoiia . 

some species 

barrier to fertilization by more than one sperm cel 


bryos from fusing during development. granul 

The cumulus oophorus consists of layers of lo y jjghtly 
cells. The granulosa cells closest to the thought to 

into several layers, the corona radiata. A viscous ^j^uJus ooph® 

high in hyaluronic acid holds the granulosa cells o severs 

together. Cells of the cumulus oophorus cling to the tb 


ir _ . j,. 

together. Uciis oi me cumuius owt^i.w.u:, fert'd^^ ' (i 

many hours following ovulation and may play some r 
The cumulus oophorus is lost rapidly from eggs o 


sow following ovulation (52). 
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B. STAGE OF MATURATION 

Meiosis is initiated in the fetal ovary, but is interrupted at the diplotene 
stage during prophase I (35). In most mammals, meiosis 1 is resumed 
following the ovulatory surge of gonadotropin. The chromatin then con- 
denses, the germinal vesicle breaks down, and the first polar body is ex- 
truded. Meiosis 11 is halted at metaphase. It is at this stage, metaphase II, 
that the oocytes of most mammals are ovulated. Notable exceptions in- 
clude eggs of the horse, dog, and fox which are thought to be ovulated 
prior to completion of meiosis I and where sperm penetration of the pri- 
mary oocyte can occur (55). The stimulus for induction of maturation in 
these species is unknown. 

When full-sized oocytes from the cow, sheep, pig, rabbit, mouse, rat, 
hamster, guinea pig, monkey, and man and possibly other species are re- 
moved from the follicle and placed in suitable culture medium, they 
spontaneously resume meiosis and proceed to metaphase II. Inhibition by 
some component of the follicle or follicular fluid which prevents oocyte 
maturation has been theorized. Although oocytes matured in vitro have 
low fertilizability, in vitro matured mouse oocytes have been shown to be 
capable of undergoing fertilization and developing into fetuses when trans- 
ferred to foster mothers {33), 


11. Gamete and Embryo Transport 

Ovulation results in the release of one (o several eggs by rupture of the 
Graafian fo!Iiclc(s). In domestic mammals survival time of gametes is 
short and deposition of spermatozoa in the female tract must be closely 
synchronized temporally with ovulation in order for normal fertilization 
to occur. Freshly ovulated oocytes arc picked up by the fimbria of the 
infundibulum and directed into the oviduct. Sperm cells arc usually ejacu- 
lated into the vagina (cow, sheep, rabbit, and man) or uterus (horse, 
dog, pig, and rodents). Since fertilization occurs in the ampulla of the 
oviduct, synchronous transport of oocytes down the female tract to the 
site of fertilization must be coincident with transport of sperm cells from 
the site of deposition. The female reproductive tract employs carefully 
controlled mechanisms whereby eggs and spermatozoa arc transported in 
opposite directions during a limited period of time. 

A. TRANSPORT OF THE OOCYTE TO THE SITE OF FERTILIZATION 

The mechanism by which freshly ovulated eggs arc transported from 
the ruptured follicle into the oviduct depends upon a number of factors. 
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Included in these are the anatomic ovulattoTthe man- 

relationship to the surface of the ovary at the expressed from 

ner by which the egg and surrounding granulosa ceU^^ 
the follicle, and the physical characteristics of eat, 

of the cumulus oophorus (20). At ovulation in yood and 

ungulates, and primates, the ovulated oocytes in the 

contractUe, and surround the ovaries. The fresh V ,^e ciliatr^ 

associated cumulus mass come into into the oviduct, 

cells lining the fimbriae which help to direct ° / ,e,ely by a thin- 
In the mouse, rat, and hamster the ovary ^ „ p^bria projcoh- 

membraned periovarial sac into which a -es and eggs are 

The fimbria makes only superficial contact with th jnesovatii® 

shed into the fluid-filled periovarial sac. Commotioris o 
result in movement of the ovary, fluid, and eg^ wi tje 

When the eggs come into contact with the fimbria y 
oviduct by ciliated cells. •«f„nH;hulum to the site 

Eggs are usually transported rapidly from the inE time 

of fertilization above the isthmoampullar junction. ^ith as little 
been estimated to be between 30 and 180 minutes ( J (irst 

6 minutes reported in the rabbit (22). Transport ih g primarily 
of the ampulla in the rat and rabbit is thought o atnpuii® t* 

by the action of cilia. Transport through the remainder altbougit 

primarily by peristaltic and segmental muscular contr 
cilia are present throughout the ampulla. Cilia may pr monl'O' 

means for transport through the entire ampulla m t e ^ ntcans 

(20). Movement of fluid through the ampulla may also p oi 

of oocyte transport in some species. In polytocous After 

cumulus cells and ova are often transported as a single en ^ yariahl'^ 
tilization embrj’os remain above the isthmoampullar junction 
number of hours depending upon the species (20). 


B. TRANSPORT OF THE EMBRYO THROUGH THE OVIDUCT 

In most mammals, transport of ova through the *”(jon of 

takes 3-4 days (Table I). While rabbit ova reach the ju 
ampulla and isthmus as quickly as 6 minutes after onu a * / of 
509o arc still above this junction 24 hours later. The re ^^^^5 (2f)- 
lime in the oviduct is spent in slow transport through t c jetaio^ 
Mouse ova arc transported rapidly through the ampulla an jj^j.Qych 
at the isthmoampullar junction for 24 hours. Transpo ^ 
isthmus is again rapid with a 30-hour delay at the utcrotu a J jh« 

In the pig (20, SO) and cow (2), ova spend most of tn 
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TABLE I 

Rates of Devetopment of Various Species* * 


Species 

One-cell 

stage 

(hours) 

Morula 

stage 

(hours) 

Blastocyst 

stage 

(dajs) 

Entry 
into uterus 
(days) 

Gestation 

(days) 

Mouse 

0-24 

68-80 

3^ 

3-4 

21 

Rat 

0-24 

72-80 

3-4 

3-4 

22 

Rabbit 

0-14 

48-68 

3*4 

3-4 

30 

Cat 

— 

— 

5-6 

4-8 

60 

Pig 

0-15 

72-96 

5-6 

2-4 

115 

Goat 

0-30 

I20-I40 

6 

4 

147 

Sheep 

0-38 

96 

6-7 

2-4 

150 

Man 

0-24 

96 

5-8 

3 

270 

Cow 

0-27 

144 

9 

3-4 

284 

Horse 

0-24 

98 

6 

4-5 

340 


“ Adapted from Bnnster (23), McLaren (69), and Davies and Hesseldahl (3-^) 
Times estimated from ovulation. 


oviduct above the isthmoampuUar junction and then are transported 
rapidly through the isthmus into the uterus. 

It IS not known whether the isthmoampuUar junction acts to retain 
embryos in the ampulla in all mammalian species. It is also not known 
how spermatozoa are allowed to enter the ampulla and effect fertilization 
in species where further egg transport is inhibited. In some species low 
doses of e^togenous estrogen cause a phenomenon known as “tube Jock* 
ing” where ova are retained at (he isthoampullar junction; larger doses 
of estrogen hasten transport through the isthmus and into the uterus (^5). 
It has been suggested that both estrogen and progesterone play a role in 
embryo transport. 

Fertilization usually occurs with the cumulus mass still intact, but the 
egg is denuded by the time it enters the isthmus Transport through the 
isthmus appears to be a complex process related to a pattern of segmental 
peristaltic and antipenstallic contractions that have the capacity of moving 
the embryos backward and forward in a rotary fashion In the rabbit, 
opossum, dog, and horse, a mucopolysaccharide coat, or mucin coat, is 
deposited outside the zona pcllucida while the egg is in the isthmus. On 
approximatel> the fourth day following ovulation, the embiy'o passes from 
the isthmus through the uterotubal junction into the uterus. 

C. TRANSPORT OF SPERM TO THE SITE OF FERTILIZATION 

In most mammals, spermatozoa arc deposited in the vagina, cervix, or 
uterus of the female and must be transported to the ampulla of the oviduct 
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in order for fertilization to occur. Some authors have ascribe 
sperm motility in normal transport while others consider ^ 

a passive process, totally a function of the female tract ( ’ 

physiological factors, including the volume of ejaculate, site o P 
and anatomy of the female tract affect the rate of transport. ^ 
scribes some of these variations. It should be noted ^ i^ues 

obtained by a number of different workers using a variety o 
and, therefore, variations in the estimates exist. It can be note , 
that regardless of species, sperm transport through the ferna e 
fairly rapid with a relatively few sperm cells ultimately , gjtj. 

of fertilization. In the rat, mouse, and rabbit, fewer than 500 o 
mated 50-500 million sperm cells ejaculated reach the ampulla o 


and at least 

In the horse and pig, a large volume of semen is ejaculatea 
part of that volume is propelled through the cervix jj^jo the 

rodents, a small volume is ejaculated, but ejaculation is direct y 
uterus. In these cases, the cervix of the female provides no a 
transport of spermatozoa. In other animals, such as the cow, ew 
and human female, sperm cells are deposited into the In 

transported through the cervix before reaching the uterus an o 


TABLE Jl 

Charactertstics of the Ejaculate and Sperm Transport In Various Spa®*® 


Volume of 
ejaculate (ml) 


Interval from ejacu- 

lauon to appearance 

of sperm in oviducts ^ 


Mouse 

>0.1 

Uterus 

15 minutes 

Hamster 

>0.1 

Uterus 

2-60 minutes 

Rat 

0.1 

Uterus 

15-30 minutes 

Guinea pig 

0.15 

Uterus 

15 minutes 

Rabbit 

1.0 

Vagina 

3-6 hours 

Cal 

0. 1-0.3 

Vagina and cervix 

No data 

Dog 

10 0 

Uterus 

Several minutes to 
several hours 

Sheep 

1,0 

Vagina 

Several minutes to 
several hours 

Cow 

4.0 

Vagina 

2-13 minutes 

Pig 

250 

Cervix and uterus 

30 minutes 

Man 

3.5 

Vagina 

30 minutes 


17+ 

Few 

5-100 

25-50 

250-500 

40-120 

5-100 

600 - 5 . 0 ^ 



• Adapted from Blandau (20) 



11. FERTILIZATION, EMBRYO DEVELOPMENT AND TRANSFER 291 


these animals the role of a sperm reservoir has been suggested for the 
cervix; sperm migrate into the cer\'ix and are slowly released into the 
uterus over a period of hours. By virtue of this constant flow of sperm 
from the cervix, and phagocytosis of sperm within the tract, it is theorized 
that a population of viable sperm can be maintained in the oviducts, partic- 
ularly at the site of fertilization (75). 

The way in which sperm cells are transported through the cervix is still 
subject to debate. One theory proposed to explain the rapid transport 
through the cervix is the “in-suck" theory {20). This theory states that 
contractions of the vagina and uterus during intromission and orgasm in 
the female result in sucking of seminal fluid into the cervical canal. This 
theory has been used to explain sperm transport through the cervix of the 
human female, but it is still a matter of controversy. 

Seminal plasma in some species is capable of penetrating cervical mucus 
in vitro and facilitating the migration of sperm across a glass slide coated 
with cervical mucus. Sperm cells can also penetrate cervical mucus. These 
findings have been interpreted as possible means for facilitated transport 
of spermatozoa across the cervix by invasion of cervical mucus by seminal 
plasma and motile sperm {20, 38, 73). Passage of sperm through the 
cervix in the rabbit is enhanced by a second coital stimulus with a vasec- 
tomized male {13), suggesting involvement of either a neurohumoral re- 
sponse or a substance within the seminal plasma that stimulates muscular 
activity. 

Transport of spermatozoa through the uterus to the uterotubal junction 
is rapid and is primarily the function of uterine muscle contractions. Oxy- 
tocin released during mating in the cow and sheep increases uterine activity 
and may facilitate sperm transport. Prostaglandins in the semen may have 
a similar effect.. 

Transport of spermatozoa through the uterotubal junction is complex 
because of the differences in anatomy and histology observed in different 
species {53). It has been suggested that the uterotubal junction selects 
against dead sperm and sperm of a foreign species. While such selectivity 
may exist in the rat, it is not seen in the sow {20, 45). 

Transport of sperm through the isthmus in mammals is also accom- 
plished primarily by muscular contractions. In the pigeon and painted 
tortoise, two types of cilia exist which beat in opposite directions and result 
in transport of sperm up the female tract and the eggs down {81). In many 
mammals, however, cilia beat toward the uterus so sperm transport in the 
oviduct is controlled by muscular contractions. A mechanism involving 
boll» cilia and muscular contractions has been recently described in the 
sow (20a). 
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III. FerUlizalion 

A. SPERM CAPACITATION reoortcd thid 

Tn iqsi. Austin (J) and CI^__L? 2 ) nt cenetratmg 

an cEgTAReflpemEngMicriorortinicj^^^^^-j-^^ 

'«ing ability, a rat hamster, ferrrh 

■TSvc^ecn extended to include sperm of the , /, 7 s and possibly ih' 
pig (5). cat (55), mou. inW' 

cow (64), monkey, and man (5, 3/. 4i ^ J55!il_p--77- — ujen establishe“’ 
sprrmattLmJl^^ 

THTtuSTrequired varies ^5?nrfli^lpmS3^ P ^ l.nnrsTdTra"’^ 

-ThijiTT hour w hile rabbit sp^ntTrcguire ^ east ,,spec- 

-rrrsTiTyTiiSTiStenlial. Sheep and pig sperm require 11 a_ shorvn 

U escapes 

— to be necessary may undergo the process s P 

^sTerm'capacitation has been viewed as composed 

.e mnval ot a chemical factor (decaEacitatmiac^ -- 

'andactivatioh'or^rosgmaUnzymes^oson«^^ lose *=•' 

-^ang ( 51 ) observed that capacitated rabbit 'P^.n seminal pl^f’ 
ability to fertilize when incubated in rabbit, bull, or after far**" 

These “decapacitated” sperm regained their fertilizing ab.iW 
exp osure to the fe male tr_act. These observations were 1 ^ 

-TRarT decapacitation fa ctor exists m ihe jenunalX-.^,^-- 7 ^,|gi^^ 

sperm TElrOTdTraBr^eTemove<rtefore^spe^ga^_jg-j^trac 

Decapacitdudn factoThas beenTo 5 naTnTluids throug napacitati°" ’ 

including the testis and epididymis, but the rote it play of * 

still debated. Corona-penetrating enzyme, present in coronaX?— 

sMSir cell and thought to be nece ssary for pen etrationo__^_yjg^ 
ata, is inactivated by decapaciralioiTfacto r UT^7)TR^—--^„ctosoSf 
citation facforfniglirtfieirresuininhrKtiyation^m.one 3 ^_^^ fo^ 

enzymes, ihcTudragTSdsin and neuraminidaselike onzym > ofthfi'^ 
fertilization (56). Cap acitated sperm bind to th jijSll!LE5-r— Tng'reiiSv^^ 
better than decapacitatTd or unca ^italed 5p~Sr n3Ugges S ^^^as a'* 
of the decapacitation factor result£ 5 fraTriembmr iejltera_ nieinhran 
been suggested lhafdccapacitation factor binds toJJ^P'^'!” „mcs ' 
and stabilizes it against premature release of acrosoma 
Whatever the mechanism, capacltation includes the remov ^ 
of seminal plasma antifertilily agents bound to the spernyKA^ beC 
A membrane pfiehdthenon called the “acroso rne reac^r(^ workers coO 
shown to occur prior to fertilization in sohie^species. Som 
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sider the acrosome reaction as part of the capacitation process (107) while 
others consider it a process that occurs subsequent to capacitation (IS). 
Regardless of the interpretation, it is thought to be essential for fertiliza- 
tion and has been described in spermatozoa of several laboratory species 
and man (S9a ) ; its importance in fertilization in domestic livestock is not 
established (S, 12). 

The acrosome reaction involves the progressive breakdown and fusion 
of the plasma membrane and outer acrosomal membrane of the sperm cell 
(70) (Fig. 1 ). Vesicle formation allows leakage of enzymes from the acro- 
some with ultimate loss of the plasma membrane/acrosome complex leav- 
ing the inner acrosomal membrane exposed. This release of acrosomal 
enzymes may be'particnlafly important in the peneffatrom^f^he cumulus 
oophorus and coronF-radiala. In genmuh it is BelieveH' that capacitated 
sperm begin~to~unaergo~fRe~acf5sonie reaction, iwth consequen TTiberatio h 
of enzymesTm close~pfoxlmI!Sn;bTif at iriiflal contacrwith the cumulus/ e^ 
mass. Initially, enzymelslirobably releaseiTgradually to dissolve the m'afrix' 
between the granulosa cells thereby facilitating passage of the sperm toward 
the zona pellucida. Complete loss of the outer acrosome membrane occurs 
before the sperm cell penetrates the zona. In fact, some authors have theo- 
rized that loss of the acrosome exposes a •‘perforatorium” which acts as a 
mechanical tool to help the sperm penetrate the zona (120). Despite the 
tentative nature of existing information regarding the acrosome reaction 
it is clear that it represents a morphological change that occurs in the 
female tract of some species and is important in subsequent fertilization. 
The role of the cumulus cells in inducing the acrosome reaction and their 
role in other mammalian species remain subjects to debate. 

Capacitation occurs in both the uterus and oviduct, although sperm are 
more readdy capacitated if exposed to both uterine and oviductal environ- 
ments. Most work dealing with the hormonal control of capacitation has 
been done using the rabbit as a model. In general, estrogens have a stimu- 
lating efiect upon capacitation while progesterone administration can inhibit 
capacitation. These observations are in line with expected results since 
maling and the need for capacitation normally occur when the female is 
under the influence of high levels of estrogen and is receptive to the male. 
Capacitation in the uterus seems to be more responsive to hormones than 
capacitation in the oviduct. 

B. SPERM PENETRATION 

In most mammals, the sperm cell that successfully fertilizes the egg must 
he capable of trasersing the cumulus oophorus, corona radiata, and zona 
pcllticida before it can cross the plasma or \itellinc membrane of the egg. 
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Hyaluronidase is thought to bo released Tthe cum^ 

isWortant in dissolving the hyaluronic a . P j acrosomal 

<ru.rmatozoatrpasscs through. A sc 


L‘Tophoms"as tfporm 

en.yme,eoron;^e»a^yrne^^^^^^^^ 


-;,r;?th;-SS^ 

,0Eether.-O^e-orasenS^f^^^5SiS^^ 

sin (also called trypsinlike-enzymc^rTKtos™ J mucoprotci^"J 

pellucida (Fig. 1). The term “zona aona pehucii^- '*. ' 

Lbstanee responsible for sprtm 

thought that sperm .ar acil tates passage through 

since the whipping motion of the sperm tad fac.htates p 

outer investments of the egg. ncllucida exhibits a speo'^ 

Experimental evidence suggests that the zon p unable t 

specific receptor. Therefore, sperm rom j {jon, rat or nious 

attach and penetrate. If the ‘^//J^'nuble to penetrate th 

eggs, sperm from hamsters or guinea pigs are still can b 

vitelline membrane. Zona-free hamster eggs, -sperm indicating 

penetrated by capacitated guinea pig, mouse, and rat spe _ , 

specificity rests in the zona pellucida in this spen'“ < ' | gg has b« 

^ncorporation of the sperm celt by f rabbft (/^^ , ; 

described for the rat (8d, 93). I,, “e membrane, >t 

When the sperm cell comes m contact with . . . immediately po 

flat on the vitelline surface with first contact soon as 'J ' 

terior to the area previously covered by the aero fus 

contact between gametes has occurred, the 1"="’^'“" ,asm around tb 


lies 


contact between gametes has occurred, the .gsm around m 

with the vitelline membrane of the egg. The^ egg y P .phe a® 


with the vitelline membrane of the egg. 1 tie’ egg y e . 
area of contact elevates and actively surrounds the sp ,l,c efo 

membranes fuse around the sperm head, 'ncorporati g ^ „cin- 

(122). The thick lamina resulting from the fusion ot t ■„ direr* 

branes in the area of the original contact disappears spen" 

posure of the sperm nucleus to the egg bytoplasni t material wbi' 
nuclear membrane disappears and releases the chro . pro«ss , 
begins to disperse. During the early stages of this '"bprP ^i-e 

sperm cell, including the tail, is contained in the perivi ^„Ie, t 

Except in a few species such as the Chinese hamster progress" 

entire length of the sperm tail is incorporated into the egb 
envelopment and fusion of the egg membrane over the sp 


C. CONSEQUENCES OF FERTILIZATION 

Penetration of the egg by the sperm results in a series 
leading to noimal development of the fertilized egg. In mo 
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erection of a barrier to prevent fertilization ™°4%‘J;dl“e"UcrP 
occur. This barrier includes the zona --^IThetumption and conrple- 
tration of the egg by the spern. body. The nrale and 

tion of meiosis 11 with extrusion of the seeon p the diploid. 

female pronuclei are formed ,7"®. tbl^ctivafion of the egg W 

one-cell zvgote. Fertilization also results an ine 
initiate cleavage, and enhanced biochemical activity. 

1. Erection of a Barrier to Polyspermy ^ 

Polyspermic fertilization, when ““^’t^mportant that a mech- 

ploid individual which is not viable. It is theref ^ The chances 
anism exists to limit fertilization of ‘he ugg >o u"'y ° P„„„ber of sper» 
of polyspermy occurring are decreased by the lim numbers 

celis tL reach the site of fertilization; uspermic fertilizatio", 

spermatozoa directly into the oviduct ‘“7' Jfor preventing 
the pig (60). The egg also \"'®^p.wpctmy in niaininal'> 

by more than one spermatozoan. The b'o'^h W P S' P (zone tea 

eLs operates at two levels in most species: the zone p ^„ 3 ,,,ment of*' 
tton) and the vitelline membrane h'^tVsnU^s^in the dismP'"’" " 

fertilizing sperm cell to the vitelline "’"'"h granules. The tn'^ 
breakdown of egg cytoplasmic structures called cor i g nier" 

brane surrounding the cortical granules fuses with Ih pefivitelHne f f 
brane and releases the contents of the 8™nules m m the P ge 

(82). The release of the cortical granule bich makes it '»> 

L the character of the zona pellueida (zona membra^ 

penetrable to other spermatozoa. At the level o h membrane 

the contents of the cortical granules may coat Ae v membrane 
prevent attachment of other sperm ueHs or inake th u 

sponsive to sperm attachment (vitelline block) ( )■ „ ,Dps 

the mouse and hamster suggests that the cortical g , spermatozoa 
like protease that attacks a spccics-speciric ‘ rccept -i rp^ations ■" 

,he zona pellueida (52). This theory ts auPP°r'ad by sl«t.a^ 

hamster that sperm do not attach to the zona p authors repod , 

“duced rupture of the cortical granules ( /O). These same autb^_^, 
that the zona reaction developed in less than 15 m m 

granule breakdown. Cortical granules have been idcnti 
hamster and mouse, but also in the rat, rabbit, “"d P'S t '• polysP^'^ 
Most of the information wc have regarding the oa 5 pcc»c< 

has been obtained from laborator>' species. Work 

shown dinercnccs among the species studied. In some ' ' 

and hamster) the zona reaction is relatively quick an 
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few sperm other than the one involved in fertilization are ever found in 
the perivitelline space. In the mouse and rat, extra sperm in the perivitelline 
space are more common which suggests that the zona reaction is slower 
in these species. The rabbit has no zona reaction at all and many sperm 
pass through the zona pellucida. However, an effective vitelline block 
allows only one spermatozoan to enter the egg cytoplasm and effect 
fertilization. 

2. Completion of Meiosis II 

At the time of sperm penetration in most domestic mammals, except the 
horse and dog, the egg is resting in metaphase of the second meiotic 
division. The chromosomes are arranged mostly in pairs and aligned on 
the equator of the meiotic spindle. Migration of the chromosomes to op- 
posite poles of the spindle and cytokinesis result in the formation of the 
haploid second polar body and ovum. The second polar body can be dis- 
tinguished from the first polar body by its smaller size and morphological 
features. The first polar body usually contains cortical granules as it is ex- 
truded prior to fertilization. In addition, chromosomes of the first polar 
body, like those of the egg entering meiosis If, contain no nuclear envelope. 
Those of the second polar body are enclosed, undergoing a process similar 
to the formation of the female pronucleus, at the end of meiosis II. 

3. Pronucleus Formation, Syngamy, and Activation of Cleavage 

Tlie haploid number of chromosomes remaining in the fertilized ovum at 
the end of the second meiotic division becomes surrounded by a nuclear 
membrane. This structure is referred to as the female pronucleus. 

Upon entry into the ooplasm, the sperm head begins to swell. The sperm 
tail and sperm head elements arc separated from the nucleus and soon 
degenerate. The sperm nucleus continues to swell, acquires a nuclear mem- 
brane. and becomes the male pronucicus. 

The male and female pronuclci move into close proximity to one another 
and may contact each other in some species (rabbit; 66), but not others 
(mouse; J22). The pronuclci lose their spherical .shape and become irreg- 
ular. There must be chromosome duplication at some point prior to chro- 
matin condensation. As prophasc of the first cleavage division is ap- 
proached, nucleoli disappear from the pronuclci, the chromosomes condense 
and, finally, there is breakdown of the pronucicar envelopes. It has been 
observed in the mouse (123) and rabbit (<56) that pronuclci do not fuse 
prior to pronucicar membrane breakdown and form a single nucleus as is 
common in some invericbralcs. Al the end of prophasc, two distinct sets of 
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condensed chromosomes can be 

the tsvo groups of ehromosomes -"o™ ^hrLatids separate 

the equatorial plate. As m.tos.s of nuclear mem- 

and migrate in opposite dirccttons. With t blastomeres are 

branes and deepening of the cleavage ^ ™ “'P' 
formed marking the end of the first cleavage dtvtsion. 

D. AGING OF GAMETES oincidence of 

In most species, mating shortly precedes °™'“' residing at the site 
these phenomena ensures that f^tde spernr cells b 
of fertilization in the oviduct when the oo ^ prolonged, spe 

In species where sperm capacitation is „ fertilize the eg-- 

must be in the female tract for several metes are veO 

Timing is very important since the ' j „g 5 and sperm fro 

short. Table 111 gives the approximate fertile ives ' a f » 

various species. Most mammalian eggs should be f after mula 

hours of ovulation and few can be fertilized hom.^^ ferfle 

tion (a possible exception is the dog; -pity of the Somr‘« 

life of sperm after ejaculation is also short. This fr g y 


TABLE m 

Survival Time and FertlHly of Gametes 


in the Female 


Tract* — 

Retention of fertili'y 

Retention of (hours) 

sperm motility 

Species (hours) Eeb' Sperm 


Man 

Rabbit 

Cow 

Sheep 

Guinea pig 

Mouse 

Rat 

Ferret 

Horse 

Pig 


60-96 

43-50 

15-56 


126 

144 

50 


6-24 

6-8 

8-12 

16-24 

20 

6-15 

8-12 

30 

6-8 

8-10 


28-t8 

30-36 
28-50 
30-48 
21 '22 
6-12 
14 

48-126 

144 

24-48 


• Adapted from Hamner (54o), McLaren (69), and DuLe- 
low and Riegle (JS). . jipne 

‘Values are approximate and based on estinra 
from ovulation. 
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IS particularly important to livestock producers utilizing artificial insemina- 
tion. Accurate estrus detection is imperative to proper timing of insemina- 
tion. Failure of fertilization to occur while the gametes are “fresh” can 
affect not only fertilization but also subsequent embryonic development. 
It has been shown that optimum fertility in the pig and sheep is achieved 
if insemination occurs 12 hours prior to ovulation (39). This procedure 
allows time tor adequate numbers of capacitated sperm to reach the site 
of fertilization by the time of ovulation and prior to decreased fertility of 
the sperm cells. 

Aging of eggs usually results in decreased fertilizability and an increase 
in abnormal embryos (S7). Senescence appears to effect failure of the 
block to polyspermy and deterioration of the female genome and/or its 
division apparatus. In pig and hamster ova, aging is expressed as a de- 
terioration of the egg’s defenses against polyspermy, leading to penetration 
by more than one spermatozoan. The pig (S7) also shows digyny in aged 
eggs, the formation of two female pronuclei resulting from retention of 
the second polar body or fragmention of the female pronucleus. In aged 
mouse ova, on the other hand, fertilization occurs, but the female pro- 
nucleus fails to develop normally. If fertilization is delayed in the rabbit, 
eggs undergo a disruption of the meiotic apparatus evidenced by altera- 
tions in the orientation and structure of the meiotic spindle and wandering 
of chromosomes (65). Digyny and hypodiploidy have also been reported 
to occur in aged rabbit eggs (57). 

Aging of the sperm cell in the female tract also has a detrimental effect 
upon fertility although probably little effect upon embryonic development. 
Table III gives the approximate intervals from ejaculation that spermatozoa 
remain motile and fertile in the female tract. The application of artificial 
insemination to domestic livestock has made the effects of in vitro aging of 
spermatozoa important. When sperm cells arc held at 4'’-5°C pr 
insemination, fertility is decreased and embryonic mortality inercasr * 
increasing storage periods (57). Storage at — I96°C delays, but 
prevent, gamete senescence. It has been suggested that these results 
to a time-dependent change in the genetic information contributed 
spermatozoa. 

E. IN VITRO FERTILIZATION 

The fertilization process can be accomplished iTi viTro in many species of 
mammals and has proved successful for the hamster, mouse, rabbit (25), 
rat (72), cat (55), guinea pig (//5), pig (55), cow (40), mongolian 
gcrbil (79), and human (•#/). Criteria for normal fertilization, houescr, 
have not m most cases included the production of viable young follovving 
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transfer to a suitable recipient female. With the exception of (he pig and 
cow, in vitro fertilization techniques have not been successful in the live- 
stock species. 

In most in vitro fertilization procedures, it is necessary to use sperm 
previously incubated and capacitated in the female tract. Several recent 
reports have indicated that capacitatlon can be effected in vitro in the 
golden hamster (116), mouse (61), guinea pig (118), and rat (96) allow- 
ing fertilization in vitro by epididymal sperm. Most in vitro fertilization 
procedures utilize recently ovulated oocytes or oocytes removed from fol- 
licles shortly before ovulation. In both cases extrusion of the first polar 
body has occurred. Only in the mouse has success been achieved with in 
vitro fertilization of oocytes removed from the follicle and allowed to com- 
plete meiosis 1 in vitro (33). 


F. PARTHENOGENESIS 

Occasionally mammalian eggs become activated to develop without inter- 
vention of (he fertilizing male gamete. This interesting process is called 
parthenogenesis, but it is only of academic interest at this time. For those 
interested in the subject, the following references are recommended (31 > 
94, 111). 


IV. Embryo Development 

A. CLEAVAGE 

The fertilized mammalian egg begins its development as one of the 
largest cells of the body with a high ratio of cytoplasmic to nuclear volume. 
Following fertilization the ovum undergoes mitosis. The first mitotic divi- 
sion of the zygote results in the formation of a two-cell embryo. Each cell, 
or blastomere, is essentially the same size and is one-half the size of the 
original single cell. Unlike mitosis in other cells where the daughter cells 
go through a growth phase prior to the next division, both blastomeres of 
the two-cell embryo divide again yielding a four-cell embryo. Each blasto- 
mere is now one-quarter the size of the original single cell. The four blasto- 
mcres divide to form an eight-cell embryo, then a sixteen-cell embiyo, and 
so on. Cell divisions are not completely synchronous and uneven numbers 
of blastomeres are seen. For example, it is not unusual to observe a three- 
cell embiy’O formed when one blastomere of a two-cell embryo divides 
slightly before the other. A normal three-cell embryo is easily distinguished 
by one large and two small blastomeres. Throughout these mitotic divisions. 
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cells become progressively smaller and smaller with no net increase in the 
size of the embryo. Essentially, the cytoplasm of the zygote is partitioned 
into smaller packets until a solid ball of cells called a morula is formed. 
The number of cells present at the morula stage is species dependent. Most 
species form a morula at approximately 16-'32 cells. Some species, such as 
a rabbit, continue mitotic divisions, thus, the morula may contain a hun- 
dred cells. The size of the individual blastomeres of the morula is reduced 
by continued mitosis until it reaches that of normal adult body cells. This 
change in the cytoplasmic to nuclear volume ratio is thought to be im- 
portant in the regulation of genetic action in the embryo (28). Not only 
docs the mammalian embryo fail to increase in size during these cleavage 
divisions, but evidence in the mouse indicates that there is an actual de- 
crease in total mass during the first several days of development(2^). The 
morphology of the mammalian embryo during cleavage is illustrated in 
Fig. 2. 


B. BLASTOCYST FORMATION 

Following the morula stage, the embryo undergoes cavitation resulting 
in the formation of a fluid-filled sphere, the blastocyst (see Fig. 2). The 
cavity is referred to as the blastocoele. The blastocyst stage marks the first 
overt sign of cellular differentiation in the developing embryo svith the 
formation of at least two cell types. The outer single layer of cells is called 
the trophoblast and represents the cells from which the fetal chorion will 
develop. At one pole of the blastocyst is located a group of cells called the 
inner cell mass which will form the embryo proper. In the mouse, blastula- 
tion occurs at the 32-ceil stage and only three or four of these cells form 
the inner cell mass whereas the remainder become trophoblast (48). It is 
not kmown whether this differentiation is due (o cytoplasmic differences in 
the unfertilized egg which are reflected in the cells making up the blasto- 
cyst or if location of the cells in regard to one another is the primary 
determinant. According to the latter theory, cells which are forced to the 
interior of the morula differentiate into inner cell mass while the remainder 
become trophoblast. 

The forces responsible for cavitation and accumulation of fluid between 
the cells of the morula are as yet undetermined. Fluid accumulation may 
be due to changes in permeability and active transport of selected ions in 
the trophoblast cells (34). Electrical potentials have been measured across 
the rabbit trophoblast and the inside has been shown to be negative to the 
outside. This potential difference is evidence for active transport across 
the trophoblast (32). Once the blastocoele is formed, blastocysts in many 
species go through a scries of slow c.xpansions followed by rapid conlrac- 
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lions With ultimate increase in size Rates of expansion and size changes 
are spccics-dcpcndcnt Blastocjsts of the primate, rabbit, dog, cat, and 
most livestock species increase many times their size during the period of 
blastocjst expansion In fact, the volume of the rabbit blastocjst increases 
4000 fold between days 4 and 7 of development (28) Blastocysts of most 
laboratory rodents, including the mouse, rat, and guinea pig, show little 
blastocyst expansion, the total size of the implanting blastocyst is similar 
to that of the oiukitcd egg (54) 

The formation of the blastocyst from a solid ball of cells prepares the 
embryo for gastrulation, the formation of the three primary germ layers 
(ectoderm, mesoderm, and endoderm) from which the various tissues and 
organs will develop (34) Expansion of the blastocyst may also function to 
“turn off’ transport mechanisms of the uterus When the blastocyst reaches 
a critical size, there may result an inhibition of propulsion which helps to 
orient the embryo m the uterus prior to implantation Blastocyst expansion 
may also play a role in loss of the zona pellucida Most mammalian em- 
bryos escape or “hatch” from the zona pellucida at some time prior to 
implantation An exception may be the rabbit embryo which is thought to 
implant with the zona highly attenuated, but still intact It is interesting to 
note that rabbit embryos cultured in vitio readily hatch from the zona Ex- 
pansion and the resulting thinning of the zona pellucida may play a role in 
the ultimate escape of the embryo It has been suggested that blastocyst 
expansion acts in conjunction with an estrogen-sensitive uterine “zona 
lysin” to free the blastocyst from the zona pellucida (68) 


C RATE OF CLEAVAGE 

Cleavage rates for embryos of a number of laboratory and domestic 
species are shown in Table I The laboratory species generally have shorter 
gestation periods than domestic species and slightly greater rates of cleav- 


Flc 2 Piq embryos collecled *it vVious inlervqls from oviihlion tlemonslntmg 
development from fertiliznlion to the blastocyst stace x 440 Sperm cells ndherrmg 
to the zoni pellucidT are conspicuous (A) One cell zycote (B) Two cell embryo 
recovered from the oviduct IS hours after ovulation Note IhtI each bhstomere is 
one half the size of the oriciml one cell zygote (C) and (D) Four cell (recovered 
from oviduct) and eight-cell (recovered from upper uterine horn) embryos collected 
41 and 55 hours after ovnintion respectively (E) Mornl't containing 16-32 cells 
recovered from upper uterine horn 73 hours -ifler ovuhtion Note Ihql the size of 
Ihe morula is the same ns that of the one cell zygote (F) Bhstocjst recovered from 
upper uterine horn 117 hours iflcr ovulation The fluid filled blastocoele is evident 
Expansion of the blastocyst has resulted tn thinning of the zona pellucida Repro 
dneed from Hunter (fiOn) 
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age. As pointed out earlier, however, development during the first several 
days following fertilization is remarkably similar for most species studied. 
Passage from the oviduct into the uterus is coincidental with blastocyst 
formation in several laboratory species. This observation has led to specula- 
tion regarding the involvement of the uterus in initiating blastulation. Sev- 
eral workers have isolated endometrial products, including a protein from 
the rabbit uterus called blastokinm or uteroglobin {14, 63), which are 
thought to have stimulatory effects upon embryo development. Recent 
work, including the culture of embryos in chemically defined media, indi- 
cates that probably no single uterine factor controls development. The 
observation that embryos that develop in vitro often do so at a slower rate 
than those developing in vivo suggests, however, that the maternal environ- 
ment does effect embryo deve]opinent. Treatments that hasten or delay 
passage of the embr^’o from the oviduct to the uterus and asynchronous 
embryo transfers result in decreased embryo viability. 

D. DIFFERENTIATION OF CELL TYPES 

Cellular differentiation can be observed by the blastocyst stage with the 
formation and differentiation of trophoblast and inner cell mass cells. Dur- 
ing the morula stage in some species, biochemical differences can identify 
prospective cells of these two types. There is evidence that single blasto- 
meres of the early mammalian embryo are totipotent, or possess the poten- 
tial to form a complete individual. When all blastomeres except one were 
destroyed in two-, four-, and eight-cell sheep and rabbit embryos, the re- 
maining blastomere developed into a norma! young following transfer to 
a suitable recipient (76). Single blastomeres of early cleavage stage pig 
embryos continue development for a time following destruction of the other 
blastomeres (75). Separation of the inner cc)l mass of 6- and 7-day 
sheep embryos into two parts has, in some cases, resulted in the birth of 
normal lambs following culture and transfer (97), Since the success rate 
in such experiments is usually low, it is impossible to be sure that each 
blastomere of an early cleavage .stage embryo is totipotent. 

The experimental production of allophenic indis-iduals characterized by 
the presence of cells of different phetjolypes in various tissues of the body 
also indicates early stage embryos have not differentiated. Allophenics can 
be produced by removing the zona pellucida and allowing embo'os to fuse, 
or by injecting blastomeres from one embryo into the blastocoeic of an- 
other. The resulting offspring possesses to varying extents the genotypes 
and phenotypes of the two original embryos. The production of allophenics 
has been described in the mouse (7/), rat (67), and sheep (99). 
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E. EMBRYO METABOLISM 

The development of chemically defined media for the culture of mam- 
malian embryos in vitro has provided a means for studying embryo metab- 
olism during the preimplantation stages. To date, research in this area has 
been limited almost exclusively to the mouse and rabbit. Metabolism of the 
developing mammalian embryo has been the subject of a number of ex- 
cellent reviews (77. 18, 25-28, 42, 100, 101) and will be discussed only 
briefly to emphasize the dynamic state of early embiyo metabolism. 

Energy requirements and carbohydrate metabolism have been studied 
during the preimplantation stages of the mouse and rabbit. These studies 
have shown that while the substrates utilized vary, both species show a 
gradual change in substrate requirements as development progresses. The 
mouse oocyte appears to require pyruvate for development; the two-cell 
stage embryo can also utilize lactate, oxaloacetate, or phosphoenolpyruvate. 
By the eight-cell stage the mouse embryo can utilize glucose as an energy 
substrate via the Embden-Meyerhof pathway. The rabbit embryo can uti- 
lize a number of energy substrates including glucose, pyruvate, lactate, and 
possibly amino acids during the early cleavage stages. The rabbit embryo 
oxidizes glucose via the pentose shunt up to the morula stage; the Embden- 
Meyerhof pathway and Krebs cycle predominate at the blastocyst stage. 
These changes may reflect differences in permeability or enzyme activity. 
The embryo can also store glucose in the form of glycogen. 

Specific amino acid requirements have not been demonstrated for the 
cleavage stage mouse embryo. Protein synthesis occurs during this time, 
but it is not until the morula stage that synthesis exceeds degradation. 
Protein synthesis occurs also in the early stage rabbit embryo and increases 
greatly at the blastocyst stage. The rabbit embryo, unlike the mouse em- 
bryo, may have requirements for specific amino acids indicating they are 
not provided in sufficient quantities in the ovulated egg to support the 
protein synthesis that occurs. 

The mouse embryo initiates synthesis of tRNA and rRNA at the four- 
cell stage. A similar picture is seen for tRNA in the rabbit, but rRNA is 
not synthesized until late cleavage. In the rabbit, protein synthesis during 
cleavage is presumably on polysomes whose ribosomes are of maternal 
origin. 

These studies are of particular interest in providing information regard- 
ing activation of the embryonic gcnonc. In invertebrate and amphibian 
species, the activity of the embryonic genome docs not begin until gastnila- 
tion; everything required for development to this stage is provided by the 
egg. Some workers have suggested that gene activation does not occur 
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until the blastocyst stage in mammals Other evidence has been 

summarized, including the expression of marker paternal alleles prior to 
the eight-cell stage of the mouse, suggesting in mammals that the embr>’- 
onic genome is activated shortly after fertilization and affects early pre- 
implantation development {44). 

F. m mno culture 

Much of what we know of the development of mammalian embryos has 
been gained from experiments using in vitro culture techniques. These pro- 
cedures have allowed the scientist to monitor development under controlled 
environmental conditions. The use of chemically defined media rather than 
natural media, such as scrum or oviduct fluid, has improved embryo culture 
systems. The variable composition of natural media makes the study of 
nutrient requirements impossible and increases variability of culture results. 
Techniques for culture from early cleavage to the blastocyst stage in de- 
fined media have been described for embryos of the mouse (/9), rabbit 
(62), sheep (2/J), and cow (9S). Embryos of these and other species 
have been cultured with varying success in natural media. Recent reports 
describe development of bovine embryos from the one- and eight-cell stage 
to the expanding and hatched blastocyst stage in media containing heat- 
treated fetal calf serum (IIS. II4) (Fig. 3). Mouse embryos have been 
cultured in vitro to the stage of a beating heart equivalent to 8.5 da>'s of 
gestation (59). 

Recent success has also been reported for preservation of mammalian 
cmbrj'os at both refrigeration and freezing temperatures. Such systems may 
find application in cmbiyo transfer programs as well as provide a means 
for preserving strains of animals. Successful short-term storage at refrigera- 
tion temperatures has been reported for the mouse (I02)y rabbit (/)f 
sheep (77), cow (92), and pig (108). Successful storage at — 196-C has 
been reported for the mouse (103. 104, 109), cow (110), sheep (106), 
rabbit (7). and rat {105). 


V. Embryo Transfer 

Transfer of fertilized eggs from one female to another has been a useful 
research tool for a number of years whenever it was desirable to separate 
fetal and m3lern.iJ genetic expression. Jis use as a research tool has been 
prcsalcnt in laboratory and domestic species. Recently, interest has in- 
creased in applying embryo transfer techniques to domestic animals, par- 
ticularly the cow. Embryo transfer in Ihcstock has been the subject of 
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several recent reviews {46. 49, 50). In North America, current application 
on a commercial scale is limited largely to efforts to rapidly upgrade to the 
exotic European beef breeds. However, research is being carried out in 
both North America and Europe lo improve present techniques for other 
applications to domestic animals. Although there is some interest in apply- 
ing embryo transfer techniques to other species, this discussion is limited 
to the cow. 

Coupling superovulatfon techniques and embryo transfer may provide a 
means for increasing the number of offspring a genetically superior female 
is capable of producing. Such a procedure may hasten genetic gain through 
progeny testing and selection of females much as artificial insemination has 
done for the male. Embryo transfer may prove especially beneficial to live- 
stock producers if embryos are collected while the female is young, even 
prepuberal, and responsive to superovulatory hormones. A female that is 
superovulated when 5-7 months of age can produce calves through embryo 
transfer before she reaches normal breeding age. Pregnancy rates following 
transfer of embryos from prepuberal calves have been low (55), but at the 
University of California, Davis campus, pregnancy has been achieved by 
transferring an embryo collected from a prepuberal calf. The donor, a 
6-month-old Angus, was born from the transfer of an embryo collected 
from another prepuberal calf, a demonstration of the potential application 
to shortening the generation interval in livestock. 

Induced twinning in beef cattle is another potential application of embryo 
transfer techniques. Experiments have indicated that twin pregnancy can be 
induced by transfer of two embryos to a recipient or transfer of one embryo 
to a previously mated recipient. 


A. TECHNIQUES AND PROCEDURES 

Each commercial and research embryo transfer group has devised and 
modified procedures sufficiently that no single description of techniques 
is possible. However, some similarities in procedures exist among the dif- 
ferent groups. 

1. Superovulation 

Supcrovulation can be induced with pregnant marc serum gonadotropin 
(PMSG) or a combination of FSH and LH. PMSG has the advantage 
that a single injection is sufficient lo induce supcrovulation while FSH and 
LH must be given in a series of injections. The intcrv’al between gonado- 
tropin injection and ovulation is critical. Initial injection of gonadotropin 
approximately 5 days prior to ovulation appears to induce the greatest 
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superovulation response An injection can be given on day 16 of a co'V’s 
estrous cycle, a procedure that makes accurate estrus detection essential 
Prostaglandin F « or its analogs are being used experimentally in conjunc- 
tion with gonadotropins to induce superovulation Prostaglandin F « in- 
duces luteolysis m the cow between days 5 and 17 of the estrous cycle 
Administration of prostaglandin 2 dajs after PMSG stimulates fertile 
estrus 48-72 hours later { 43 , 57 ) Prostaglandin F „ and its analogs are 
not presently available for commercial use m the United States 

Administration of progesterone or a progestagen by implant, vagiiial 
sponge, or daily injection may also be used in conjunction with gonado- 
tropin treatment Administration of a progestagen prevents estrus by in- 
hibiting gonadotropin release, the cow shows estrus 48—96 hours after 
progesterone withdrawal An effective treatment involves progesterone 
administration for 13 days with PMSG administration at progesterone with- 
drawal A luteolytic dose of estrogen is given on the fifth day of treatment 
Regardless of the method used, variability of response to the superovulation 
treatment can be expected At a standard dose some animals ovulate more 
oocytes than the fimbriae can efficiently pick up, others do not super- 
ovulate at all In general, the higher the gonadotropin dose level, the greater 
the response, but also the greater the variability in response among animals 
Besides individual variability, other factors that affect superovulation rates 
arc the route of gonadotropin administration, breed of animal, state of 
health and nutritional plane, age of the animal, and whether or not she hris 
been superovulatcd previously High doses of gonadotropin may also result 
m a hormonal environment adverse to fertilization Some superovulatcd 
cows fad to show estrus, but when normal estrus occurs, insemination can 
be either natural or artificial Some reports indicate better feriilily with 
fresh than with frozen semen 

2 Embryo Collection and Transfer 

As many vanalions in techniques exist for embr>o collection and transfer 
ns for superovulation procedures While research continues on developing 
nonsurgical collection and transfer techniques for cattle, including collec- 
tion and transfer through the cervix, the most successful results to date have 
been obtained using surgical procedures Usually embrjos are collected 4-6 
da\s after estrus The cmbr>o is m the cighl-ccll to early morula stage at 
this time and has rcccntl> reached the uterus A midvcnlral incision with 
the donor under general anesthetic is the most common procedure for 
cmhtyo collection Some procedures imohe cannulalion of the oviduct and 
flushing a tissue culture medium retrograde through the uterus and oviduct 
and out the cannula Others involve flushing the cmhr>o direcil) from the 
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uterus. The embrj’o is observed microscopically for morphological nor- 
mality, drawn into a sterile pipette, and transferred to the uterus of the 
recipient female. Either a midventral incision under general anesthetic or 
flank incision under local anesthetic is used for transfer of the embryo to 
the recipient. Complete asepsis is important throughout the collection and 
transfer procedure. 


3. Synchronization Requirements 

It is important that the developmental stage of the embryo is closely 
synchronized with the luteal phase and endometrial differentiation of the 
recipient female. Work with sheep indicates that ±2 days synchronization 
of donor and recipient estrus may be adequate. Work on a limited number 
of cows (56) suggests synchronization requirements are more exacting 
with only day variation giving acceptable fertility. If a large pool of 
recipients is available, animals whose estrus is synchronized with the donor 
can be selected. Prostaglandin or progestagen administration can also be 
used to synchronize estrus of the recipients with the donor without an 
apparent decrease in fertffity (9/). Another technique that has potential 
use, but is not currently used, is cooling the embryo below 20°C to halt 
mitosis and development of the embryo. When available recipients reach 
the luteal stage corresponding to the developmental stage of the embiy’O, 
the embryo is rewarmed and transferred. 

B. SUCCESS OF EMBRYO TRANSFER 

Successful embryo transfer experiments have been reported by L. E- A- 
Rowson and co-workers (S4-S6). Iniltai reports based on a limited number 
of females indicated as many as 91 % of the recipients became pregnant 
following cmbrj'o transfer. Since these results were published, a number of 
workers have reported pregnancy rates ranging from 0 to 92% (fd, 36, 
89, 90, 91). Many of these results, including those of Rowson et ol., arc 
confounded by the transfer of more than one embrj’o to each recipient. 
Many groups report that, on the average, 50-75% of the recipients become 
pregnant following transfer, ft shoufd be noted, however, that the per- 
centage of recipients that become pregnant may not be the best means for 
determining transfer cHtctcncy. For example, the number of calves born 
from each supcrovulaicd donor may provide a belter measure of potential 
benefits to a livestock producer. Though additional research is needed to 
tmprosc many phases of this exciting procedure, it may be an Important 
tool for genetic improvement of domestic animals. 
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I. Introduction 

Jn the following description of implantation and fetal development tn 
domestic mammals, attention has been focused throughout on recent ad- 
vances m this areas 
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As a rule, no attempt is made to deal with intricate morphological or 
ultrastructural detail except in the case of the placenta, where greater 
knowledge contributes significantly to an understanding of function. For 
information on comparative anatomical, specific cmbryological, and more 
general physiological aspects of these subjects the reader is referred to the 
many excellent and comprehensive accounts available in the literature, 
such as Amoroso (5), Nalbandov (68), McDonald (66), Hamilton, Boyd, 
and Mossman (50), Sack (77), and Wimsatt (90), as well as to the pro- 
ceedings of a recent symposium on “Equine Reproduction” (88). 

The chapter is confined to the situation in the common domestic animals, 
that is, the sheep and cow (among ruminants), the mare and pig (non- 
ruminant ungulates), and the bitch and cat (carnivores), but does not 
deal, or only occasionally so, with other representatives of these orders. 


It. Anatomy of (he Uterus 


The gross anatomical features of the reproductive organs in domestic 
animals have been repeatedly described (e.g., Eckstein and Zuckennan 
(57), Nalbandov (68), McDonald (66), Sack (77), and Hafez (‘^8)3. A 
diagrammatic comparison of the female reproductive tract is shown in 
Fig. 1. 

The uterus is bicornuatc and communicates with the exterior through a 
single cervix and vagina. The two uterine horns show, however, variable 
degrees of external and internal fusion, and corresponding variation in the 
size and configuration of the common uterine cavity. In ruminants, in 
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spite of considerable external fusion, this common cavity is minute, the 
two uteri remaining separated by a thin median septum which nearly 
reaches the cranial end, or internal os, of the cervical canal (see Fig. 1). 
In the sow this septum is shorter, with a consequent increase in the size 
of the common cavity, in spite of marked external separation of the horns. 
In the mare there is no trace of a midline septum, and the size of the 
interna! cavity corresponds to the externally fused part of the uterus and 
forms a distinct single “body,” except at its upper, paired extremities. 

The cervix is a conspicuous, fibrous segment in all the domestic animals, 
except carnivores. In ruminants it is provided with a series of hard, conical 
ridges or annular rings. These arc less prominent in the sow and absent in 
the mare, bitch, and cat. In the latter, the cervix is directly continuous 
with the posterior wall of the vagina, without forming a proper “portio” 
and vaginal fornices. 


III. Tubal Passage, Spacing, and Attachment of Ova 

Following fertilization (sec Chapter 1 1 ) and tubal passage (see below, 
Section III.A), the embryos enter the uterus and, after a variable period of 
“free life” in its lumen, begin to attach to the endometrium. In carnivores 
this is followed by implantation and formation of a feto-placental connec- 
tion. In other domestic species, however, the intimacy of contact between 
the fetal and maternal tissues varies. 

During the preattachment phase the developing conceptus is nourished, 
first by its own yolk substance and the tubal fluids, and then by the secretion 
of the uterine glands, the so-called uterine milk (see Section VII). Once 
formed, the placenta becomes chiefly responsible for maintenance and 
growth of the embryo. 

In all the domestic animals the conceptus remains within the uterine 
cavity and expands to fill its lumen; this is referred to as “central implanta- 
tion.” In other types of mammals implantation may be eccentric or inter- 
stitial (cf. 21). 

A. TUBAL PASSAGE 

Tuba! passage of the ova in domestic animals is relatively constant, as in 
other mammtils, and generally lasts about 3 to 4 days (/7, 21). The pig, 
however, is an exception since in this species fertilized eggs enter the uterus 
approximately 48 hours after their release from the ovary. This has been 
established both in naturally ovulating sosvs and in others in which the time 
of ovulation had been accurately controlled by HCO (55). The pig embrjo 
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reaches the uterus at or shortly after the four-cell stage (55). Its excep- 
tionally rapid passage through the tube may be related to the regular occur- 
rence of multiple ovulations in the pig. It does not, however, appear to be 
due to excessive secretion of estrogen or progesterone since their concen- 
trations were not significantly raised by HCG treatment and that of proges- 
terone is almost undetectable at ovulation during the normal cycle {43, 
56). 

In the mare, normal tubal transport appears to depend on the occur- 
rence of fertilization. Unfertilized eggs are retained in the oviduct {13). 


B. SPACING AND ATTACHMENT OF EGGS 

Upon arrival in the uterus, the eggs of domestic animals are distributed 
through the two horns. In the ewe and cow, in which usually only one egg is 
shed, it becomes attached in the distal pan of the horn adjacent to the 
ovulating ovary; in the mare it frequently moves to the opposite horn. 
When two eggs are released from a single ovar>' in the sheep, one generally 
migrates and attaches in the contralateral horn {21). In the polytocous 
sow, the eggs are evenly spaced between the two uterine horns (55). The 
mechanisms concerned in the spacing of blastocysts have been reviewed by 
Bbving (20). 

C. OVUM IMPLANTATION 

Attachment of the blastocj'st (or “chorionic vesicle”) in the farm animals 
is, unlike that in most higher mammals, a relatively slow and gradual 
process. In the sow it consists of the microvilli on the surface of the chorion 
interdi^tating with corresponding ones on the maternal epithelium. The 
conceptus is, therefore, held in the uterus merely by the adhesiveness of the 
microvilli. Attachment begins between days 14 and 16 of gestation, with 
the alignment of the chorion and uterine epithelium, and the first definitive 
interdigitations can be observed on day 18 (29). 

In the ewe, too, the embiyo begins to attach during the 15th day of 
gestation, when the chorionic vesicle has growm sufficiently to come into 
close contact with the entire uterine epithelium of the horn (IP). True 
interdiptation of the embrj’onic and maternal tissues follows carl^* in the 
fourth week. 

In the mare complete attachment of the chorion to the endometrium 
may not occur over the whole conceptus until as late as daj-s 90-95 of 
gestation (5). 

Throughout the preimplantalion stage, between arrival of the cmbr>o 
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in the uterus and its attachment, the conceptus should not be regarded as 
a “passive object.” Thus in sheep, regression of the corpora lutea of the 
estrous cycle is inhibited even before close contact between the chorion and 
the endometrium is established. The agent responsible for the maternal 
“recognition” of pregnancy and maintenance of the corpora lutea is be- 
lieved to be produced by the conceptus itself (52; see Section 

The time of implantation in the cow is given as between the second and 
fifth week of gestation (24, 90). In the bitch and cat it is thought to occur 
between the end of the second and the third week after mating (5, 54). 

By contrast, in some close relatives of the domesticated animals nidation 
is constantly and markedly delayed. For instance, in roe deer, among 
ruminants, the “free vesicle” stage lasts for about 5 months, and in the 
badger, a carnivore, nearly a year (90). 


D. UTERINE ADAPTATIONS FOR IMPLANTATION 

All the species considered here, except the cat, ovulate spontaneously 
and therefore develop functional corpora lutea during their unmated cycles. 
Hence, the changes in the uterus in the early stages of pregnancy arc those 
of the luteal phase of the estrous cycle, namely, an increase in the vas- 
cularity of the endometrium and an increase in glandular growth and 
activity. 

In the pig, cow, and sheep the outer, trophoblastic layer of the blasto- 
cyst is noninvasivc, and there is no pronounced decidual reaction in 
these species comparable to that found in rodents. In the carnivora the 
trophoblast penetrates the maternal tissue, and the endometrium becomes 
dccidualizcd. 

The early gestational stages in the horse arc characterized by a special 
feature, the appearance of the so-called endometrial cups. These number 
about a dozen and arc present from about the sixtii to the twentieth week 
of pregnancy. They arc distributed in roughly circular fashion around 
the attachment of the yolk sac. Endometrial cups arc also found in the 
donkey and zebra and in the marc carrying a mule fetus. 

In the past it was thought that the endometrial cups arose as modifica- 
tions of the endometrium in the fertile uterine horn in response to the 
trophoblast (cf. 2nd edition. Chapter 14, p. 389). It is, however, now 
established that the cups, in fact, arc constituted by specialized trophoblast 
cells which invade the maternal endometrium (5, 4, 49; Fig. 5). Tliis 
finding is supported by the fact that fetal genotype affects the concentration 
of PMSG in maternal blood (4. 25, 3S). In addition, it has now been 
demonstrated that cells of the allantochorionic girdle, derised from the 
feta! chorion, can ,s\nlhesi/c large quanliiics of P-MSG in tissue culture 
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(4, 38). Some quantitative aspects of PMSG secretion in the mare are 
described in Chapter 15. 

The endometrial cups begin to slough off after about the twentieth week 
of pregnancy which coincides with a marked reduction in the secretion 
of PMSG. The destruction of the endometrial cup tissue is accomplished 
by an invasion of lymphocytes and, according to some workers, resembles 
an immunological rejection process (52). 

In ruminants growth of placental tissue only occurs in relation to special- 
ized areas of the endometrium (cotyledons or caruncles; see Section V). 
Uterine changes during pregnancy consist mainly of a pronounced increase 
in the vascularity of the cotyledons; in the intercotyledonary areas there is 
a marked development of the uterine glands. 

• In the pig regional differences in the differentiation of the endometrium 
appear by the 22nd day of gestation. Near the developing allantois the 
endometrium becomes hyperemic, while the areas adjacent to the poles of 
the chorionic vesicle become very pale and translucent (4(7). 

In the bitch and cat, too, there is a progressive development of the 
uterine glands and crypts and the endometrium becomes hyperemic. In 
the former, local edema can be observed at the definitive implantation 
site of each embyro during days 17-18 post coitum (p.c.) (54). 

E. OVUM TRANSFER AND LUTEOLYSIN 

Research during the past decade has transformed previous views about 
the factors involved in the experimental transplantation of embrj’os and 
the role of the luteolylic principle in controlling activity of the corpus 
iuteum. 

Successful ovum transfer in mammals depends on perfect correspondence 
between the age of the transplanted embryo and that of the recipient 
endometrium. This was first shown by Chang (25) in the rabbit and by 
Noyes and Dickmann (69) in the rat, and has since been demonstrated also 
in the sheep by Rowson and Moor (75). Thus in sheep, exact synchrony 
of donors and recipients resulted in a conception rate of 75% in the host 
ewes; when the donor and recipient differed by ±3 days, only S% con- 
ceived (75). 

The existence and physiological role of luteolysin has been convincingly 
demonstrated in several domestic animals such as the pig, sheep, and cow, 
as well as in the guinea pig (JJ, 74, 79), and the vascular pathways that 
may be involved in conveying it have been described in the sow and cow 
(55). The agent concerned is thought to be elaborated within the uterus 
and to be responsible for terminating the functional life of the corpus 
lutcum of the cycle (//). Although it has not yet been unequivocally 



12. IMPLANTATION AND DEVELOPMENT OF THE CONCEPTUS 321 


isolated from the endometrium, assays of uterine venous effluent in sheep 
(S5) and guinea pigs (/S) strongly suggest that the principle is of uterine 
origin and identical with prostaglandin (see also Chapter 4). 

The preservation and conversion of the corpus luteum of the cycle into 
that of pregnancy in sheep has been ascribed by Moor and Rowson (67, 
74 ) to an active influence exerted by the early embryo. For instance, 
removal of the sheep embryo before the twelfth day of gestation leads to 
regression of the corpus luteum at the time usual for the cycle, the ewe 
remaining effectively unaware of having conceived. Alternatively, transfer 
of a 12- to 13-day-old embryo into a nonpregnant sheep causes the corpus 
luteum to be maintained and to be converted from the cyclic type to that 
of gestation. The available evidence suggests that the embryo of the sheep, 
even before its attachment to the endometrium, exerts an active antiluteo- 
tropic effect and so prevents the regression of the corpus luteum which 
occurs normally during the cycle ( 74 ). 


IV. Nature and Origin of the Extraembryonic Membranes 

The extraembryonic, or fetal, membranes are developed from the zygote, 
but form no part of the embryo itself. They protect and serve in nourishing 
the embryo, and are shed at birth. There are four membranes, the amnion, 
chorion, yolk sac, and allantois, generally found in reptiles, birds, and 
mammals; placentation has, therefore, not led to the evolution of any extra- 
embryonic structures not already present in egg-laying vertebrates such as 
the hen. The process of formation of the extraembryonic membranes in 
the domestic animals is illustrated in Figs. 2—5. [In these drawings, the 
extraembryonic membranes are generally shown as single lines and, there- 
fore, do not illustrate the basically bilaminar (i.e., ectodermal or endo- 
dermal plus mesodermal) nature of these structures.] 

A. AMNION 

The amnion of ungulates and carnivores is formed by folding, as in the 
chick. Circumferential folds of extraembryonic ecloderm and somatic meso- 
derm grow up around the embryo and then meet dorsally to enclose it 
completely in a fluid-filled amniolic sac which is lined by ectoderm 
(Figs. 2-5). 

B. CHORION 

This constitutes the outermost of the extraembryonic folds. It is derived 
from the outer wall of the blastocyst, or trophoblast, and the icrm "chorion" 
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is applied to it after the amnion has formed (see Figs. 2—5). The ectoderm 
of the chorion is continuous with that of the embryo, and becomes lined 
with somatic (“somatopleuric”) mesoderm. 

Both the amnion and chorion originate from ectoderm and somatopleuric 
mesoderm and are, therefore, nonvascular. The yolk sac and allantois, by 
contrast, develop from endoderm and splanchnopleuric (vascular) meso- 
derm, and are, thus, potentially capable of forming functional placentas 
after establishing contact with the uterus. 

Eff’Arjoftic 
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r»r. 2 Pormauon of the fetal membranes in the r'P- I'fce-'cs'ctc '*3pe‘. 

(c) after attachment to enUometrium. Based on Mo^^man (67fl) and Patten 





I'lo. 4. Formation of the fetal membranes in the bitch, (a. b) Frec-sesicic stafc. 
(c) after attachment, (d) after formation of placenta; •: course of allantoic ses'C '• 
liased on Hamilton et al. {49a). 
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Fig. 5. Appearance of the fetal membranes in the mare at about the third month 
of gestation Modified from Amoroso (5) and Allen and Moor (4). 

C. YOLK SAC 

The yolk sac is formed from extraembryonic endoderm spreading over 
the inner surface of the trophoblast in the midgut region. The bilaminar 
structure becomes the trilaminar yolk sac by the insinuation of splanchnic 
mesoderm between the trophoblast and endoderm; when vascularized, it 
constitutes the vitellochorion (Fig. 4b, c). 

D. ALLANTOIS 

This forms as an outgrowth of the hindgut. It is covered by splanchnic 
mesoderm in which the allantoic vessels develop. The allantois is partic- 
ularly well developed in ungulates, but there is great variation in the 
relative size, degree of fusion, function, and persistence of all the extra- 
embryonic membranes. 

To establish an organ of interchange between mother and fetus, the 
outer chorion must be vascularized by an cxtraembiyonic circulatory sys- 
tem. This may be provided by either the yolk sac vessels or the allantoic 
ones. If it is vascularized by the vitelline vessels, a vitellochorion and, 
after contact with the endometrium, a yolk sac-type of placenta results. 
Alternatively, if vascularization is by the allantoic vessels, an allanlochorion 
and, consequently, an allantochorial placenta is formed. 

In cuihcrian mammals the allantochorial placenta is the chief form of 
placcnlalion and the volk sac placenta is usually only transjior>. A true 
>olk satMvpc of placenta only develops in the marc and carnivores (see 
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Figs. 4c and 5). In the pig and ruminants the yolk sac docs not make 
close contact with the maternal tissues (see Figs. 2 and 3), but is believed 
to play a part in the nutrition of the early embryo by absorbing “uterine 
milk” (see Section VII, A) . 

The extraembryonic membranes develop with great rapidity during the 
first half of pregnancy. In the pig they grow faster than the fetus up to about 
day 65, but from then on their development fails behind that of the fetus 
{73). The allantoic fluid increases rapidly to a maximum from the third 
to the ninth week and then decreases as swiftly. According to McCance 
and Dickerson (65), the initial source of the fluid is the secretory activity 
of the allantois itself, and the fetal kidney only begins to contribute to it 
in later stages of pregnancy (i ). 

In the sheep it is believed that expansion of the allantois and the accumu- 
lation of fluid within it can be related to the activity of the fetal mesoneph- 
ros as early as day 18 of gestation {31). 

Fetal urine passes into the allantoic sac via the urachus until about the 
end of the third month. Subsequently, it drains increasingly into the 
amniotic sac, presumably because of occlusion of the urachus and greater 
patency of the urethra (2 ) . 


V. Growth of the Conceptus and Formation of the Placenta 

Among the domestic animals, early development of the conceptus is best 
known in the sheep and pig. 

In the sheep, the embryo enters the uterus 66 hours after ovulation at 
the eight-cell stage of development (5J). The zona pellucida is generally 
shed by the seventh to eighth day (44, 76), and attachment of the blasto- 
cyst is believed to be brought about by loose “surface-to-surface contact” 
(79), During this phase the conceptus elongates and grows with astonish- 
ing speed. Rowson and Moor (76) state that from the twelfth day post- 
estrus (or some 11 days after ovulation and fertilization) it changes within 
24 hours from a blastocyst about 1 mm in diameter to an elongated 
chorionic sac with a mean length of 11. 7 mm; it reaches a length of over 
100 mm on day 14 (Fig. 6). The embryonic disc itself, however, grows 
only slightly during the same time. Between days 15 and 17 p.c. the speed 
of growth of the conceptus increases even more (76; Fig. 6). 

Apart from its phenomenally rapid rate of growth, the sheep conceptus 
begins to exert, as previously mentioned, a hormonal influence upon the 
corpus luteum and, after the twelfth day postcoitum, to be responsible for 
its conversion into the corpus luleum of pregnancy (67; sec also Section 
m.E). 
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Fic. 6. The blastodermic vesicle of the sheep on day 14 after estrus (total length 
112 mm). (Reproduced from Rou’son and Moor, 76.) 

The piacenta in ruminants is cotyledonary or muitiplex, that is, it is 
formed by the fusion of rounded projections of the uterine mucosa, the 
so-called caruncles or maternal cotyledons, with corresponding locaIi^ed 
tufts of chorionic villi, the fetal caruncles, to form functional units known 
as “placentomes'’ (J). In the sheep the fetal caruncles appear on about 
the 22nd day, when fusion of the mesoderm surrounding the rapidly 
expanding allantois with that of the chorionic sac is complete (^2). The 
wall of the chorionic vesicle begins to adhere to and eventually fuses with 
the maternal cotyledons, in this way forming placcntomes. The maternal 
aspect of the placcntome is concave in the ewe and convex in the cow 
(Fig. 7). The intercotylcdonary or membranous portion of the chorion 
takes no part in the formation of placcntomes. 

Later, elongated slender chorionic villi, some 10 mm in length, develop 
and become attached to pits, or “crypts," within the endometrial stroma. 
The placcntomes of the sheep increase in size and number until there arc 
90-100 on about the 90th day, after which they begin to diminish in size 
and probably number. According to Hammond (5/), development of the 
placcntomes in the cow is not complete until the third or fourth month of 
pregnancy. 
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Flo. 7. Structure of the defmhive placenta of the mare, Welsh Mountain sheep, and 
Jersey cow. F, fetal; M, maternal; chA, chorioallantois; end, endometrium, (a) 
Transverse section; (b) longitudinal section. (Reproduced from Silver ef ol., SS.) 


In the pig, early development and attachment of the ovum resemble 
those in the ewe and cow ( 28 , 45 , 64 ). The relations between the fetal 
and maternal tissues remain very simple. No caruncles, and, hence, no 
placemomes, are present as in ruminants, and the pregnant uterine mucosa 
retains much the same structure as during the estrous cycle. The mouths 
of the endometrial glands are covered by minute circular collections, or 
domes, of trophoblastic cells, the so-called areolae, which are thought to 
be involved in absorption of uterine milk. The chorion, with the allantois 
closely applied to its inner surface (see Fig. 2c), is in loose contact with 
the uterine epithelium. It can be easily detached throughout gestation by 
gentle traction, and at parturition the fetal membranes separate from the 
uterine tissues without lesion or hemorrhage, leaving behind an intact 
surface. Initially the uterine mucosa is smooth but after about the second 
week the epithelium becomes pitted. At the same time the chorion de- 
velops corresponding vascular folds or ridges [though not true villi (5)], 
which fit into the depressions of the mucosa and promote attachment and 
functional contact. Tlie primitive yolk sac forms the first placental connec- 
tion with the material tissues in the pig. It is quickly superseded by the vas- 
cular allantois, which expands rapidly after the third week and fuses with 
the chorion. Eventually, the extremities of the allantochorion become 
constricted into atrophic tips. 

As in the sheep, the elongated and wrinkled chorionic vesicle of the 
pig grows with extreme rapidity during this early phase of development. 
According to Corner (27), by the 17-I8ih day the uterine cavity is com- 
pletely filled with embry onic vesicles measuring 30-40 cm. 
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There appears to be far less information on growth of the conceptus in 
domestic carnivores. Some observations on fetal growth in these animals 
and in the horse and cow are referred to below (Section VII, C). 

The time around implantation represents one of the most critical stages 
of gestation. For instance, in the pig the bulk of prenatal mortality, esti- 
mated variously at between 30 and 40% {28, 73), is believed to have 
occurred by the end of the third week of pregnancy (73). 


VI. The Placenta and Ultrastructure of the Feto-Matemal 
Junction 

The function of the placenta i5 to transfer nutritive material and oxy- 
gen from the mother to the fetus and excretory products in the opposite 
direction. 

All types of placentas are composed of a maternal element, the endo- 
metrium of the uterus, and on the fetal side, the chorion. Hence, most 
simply defined, placentation means the apposition or fusion of the chorion 
with the endometrium for physiological exchange. 

The definitive placenta of the domestic animals, like that of all higher 
mammals, is of the allantochorial type, that is, it is formed by the fusion 
of the vascular allantois with the chorion. The placenta may be classified 
in a number of ways, such as by its gross shape, or the distribution 
(“zonary,” “diffuse,” etc.) of chorionic villi. Grosser (46, 47) classified 
the placenta according to the number of tissue layers intervening between 
the fetal and maternal blood, and recognized four principal types. 

In the first, the epitheliochorial placenta, present in the mare and sow, 
there is no erosion of maternal tissues and the allantochorion is opposed 
to the endometrial epithelium (Table I). In the second, the syndesmo- 
chorial placenta of the sheep, coW, and goat, the maternal epithelium is 
lacking and the fetal chorion is in contact with the endometrial stroma. In 
the endotheliochorial placenta of the cat and dog there is contact between 
the chorion and the endothelium of the maternal blood vessels (Tabic I), 
while in the fourth type, the hemochorial placenta of man, nonhuman pri- 
mates, and rodents, the chorionic villi arc suspended in a pool of maternal 
blood. 

Grosscr’s classification, based on a purely histological analysis of the 
tissues separating the fetal chorion from the maternal blood, was of great 
practicat value and correspondingly popular, but must now be looked on 
as an oversimplification (sec below'. Section VII, A). Several of Grosscr’s 
morphological findings have also been superseded by the results of more 
recent ultrastruclural investigations. Tlicsc indicate that the maternal epi- 
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TABLE I 

The Felo-Placen»al JuncHonal Zone In OIKcrcnl Types of Placenta* 






,rttsl copitlory — 
.CytB4ropheB<ait^ 

Matt'not copi'iaty 

S|rncyi>o<'ep*'eb'oti 


Type of placenta 

Epitheliochorial 

Endotheliochorial 

Hemochorial 

Maternal tissue 




Endothelium 

+ 

-1- 

- 

Epithelium 

Fetal tissue: 

+ 


' 

Trophoblast 




Cytoirophoblast 

+ 

-1- 

-h 

Syncytiotrophoblasi 

— 

-1- 

+ 

Endothelium 

+ 

+ 

-f- 

Examples: 

Horse, pig. cattle 

Cal, dog 

Man, monkey 


‘ Insets show the relationships between the fetal and maternal tissues, os revealed by 
electron microscopy, m the epitheliochorial and endotheliochorial placenta (modified from 
Hamilton ei al., 50). 


thelium persists in the definitive ruminant placenta { 16 ), and the latter 
must, therefore, be classified as epitheliochorial rather than syndesmo- 
chorial. Since the placenta is an organ for metabolic exchange, its effi- 
ciency will depend on its surface area. In all species with an epitheliochorial 
type of placenta so far studied by electron microscopy, interdigitating 
microvilli have been found on the surface of the chorion and the uterine 
epithelium. Such interdigitation of microvilli greatly increases the surface 
available for interchange. Furthermore, ultrastructural studies have con- 
firmed the existence of intraepithelial capillaries, thus ensuring that the 
maternal and fetal circulations are brought into the closest possible con- 
tact (Table I). 

The microcirculation within the placenta is now considered to be a 
very important factor in gaseous exchange. In this connection, it may be 
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significant that in both the mare and cow the fetal and maternal capil- 
laries are in close, intraepithelial contact. By contrast, in the ewe there is 
a relatively wide boundary zone, formed by the syncytial border of the 
maternal epithelium, which separates the maternal and fetal circulations 
{S3; see also Section VII,A). 

Again, the distinction between the diffuse and the cotyledonary type 
of placenta is not as sharp as was once thought. In the mare, the surface 
of the placenta is increased by small tufts of chorionic villi which project 
into corresponding invaginations of the endometrium forming micro- 
cotyledons. According to Samuel ei al. (75), microcotyledons can be rec- 
ognized by the 60th day of gestation as a simple folding of the tropho- 
blast and uterine epithelium. The folding process continues and by the 
150th day of gestation, the microcotyledons are well developed. 

In the cow and sheep there is a microvillous junctional zone between 
the epithelium lining the crypts and that covering the chorionic villi. The 
cryptal lining is cellular in the cow, but syncytial in the sheep. 

At parturition in the cow the placenta separates within the cotyledons 
at the line of microvillous attachment, with little damage to either the 
fetal or maternal tissues. By contrast, in the ewe, the placenta separates 
as a result of very rapid degeneration of the chorionic epithelium in the 
short interval between parturition and delivery of the fetal membrane 
(85). In the ewe retention of the placenta is very rare, while in the cow 
this is a common clinical condition, a difference which may be explained 
by the dissimilar methods of separation of the fetal and maternal tissues 
in both species. 

In carnivores the trophoblast differentiates into an outer syncytio- 
trophoblast in contact with the maternal tissue and an inner cytotropho- 
blast. A common feature of the feto-maternal junction in these animals 
is the reduction of the maternal epithelium and connective tissues, al- 
though there are minor species differences. The syncytiotrophoblast is 
intimately fused with a substance or membrane of disputed origin and 
occasionally with the maternal endothelium. The membrane has been con- 
sidered by some workers to be a basement membrane of maternal endo- 
thelial origin (16). As the trophoblast is so firmly attached to the ma- 
ternal endothelium by the intervening membrane no separation of the 
tissues is possible at parturition. Instead, maternal tissue, the decidua, is 
lost with the fetal plaecnta. 

In both the bitch and cat the endotheliochorial nature of the placenta 
has been substantiated by electron microscopy {9. 10, 34). The enlarged 
endothelial cells of the maternal capillaries have a spongy cytoplasm and 
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are separated from the trophoblast by an incomplete basement membrane, 
so that in some regions the plasma membrane of the endothelial cells may 
be in contact with the syncytial trophoblast. 


VII. Fetal Nutrition and Growth 

A. FETAL NUTRITION AND PLACENTAL FUNCTION 

The two main sources of nutrition for the developing embryo are “histo- 
troph” and “hemotroph,*' which together constitute the “embryotroph.” 

Histotroph is a milky fluid (more commonly referred to as “uterine 
milk”) containing the secretions and debris of the endometrial glands plus 
extravasated maternal blood. Uterine milk is secreted into the uterine 
lumen and absorbed by the fetal membranes. 

Hemotroph consists of nutritive materials absorbed directly from the 
circulating maternal blood by the allantochorion or vitellochorion, where 
it is in contact with the uterine tissues. 

The eggs of placental mammals contain very little yolk. The developing 
conceptus, therefore, depends on external sources of nutrients from the 
beginning of intrauterine life. In all types of mammal, histotroph is essen- 
tial before the establishment of the placenta, and in most domestic ani- 
mals, especially the pig, horse, sheep, and goal, remains so throughout 
the greater part of pregnancy. 

Most experimental work on the nutritive function of the definitive 
allantochorial placenta has been centered on the hemotroph, largely ignor- 
ing the histotroph, and has been dominated by Grosser’s classification 
(see Section VI) and its implications on placental permeability. It was 
generally assumed that the transfer of nutrients occurs by a process of 
diffusion and that there is a gradient from a high concentration in the 
maternal vessels to a lower one in the fetal vessels. Grosser’s system of 
classifying placentas according to the layers separating the two circulations 
fitted in naturally enough with this concept, the epitheliochorial type being 
considered more primitive and ineflicient as an organ of exchange than the 
endotheliochorial and hemochorial types. The fallacy of this interpreta- 
tion was exposed by Barcroft (72), when he emphasized the high degree 
of maturity of the newborn foal and calf compared with the extreme im- 
maturity of the human baby or rodent at birth, and concluded that there 
could be nothing physiologically inadequate about an appositional, epi- 
theliochorial placenta. 

Subsequent work has shown that the physiological “efficiency” of th® 
placenta in the domestic animals may be determined by factors such a® 
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are separated from the Irophoblast by an incomplete basement membrane, 
so that in some regions the plasma membrane of the endothelial cells may 
be in contact with the syncytial trophoblast. 


VII. Fetal Nutrition and Growth 

A. FETAL NUTRITION AND PLACENTAL FUNCTION 

The two main sources of nulrilion for the developing embryo arc “hlsto- 
troph” and “hemotroph,*’ which together constitute the “embryotroph.” 

Histotroph is a milky fluid (more commonly referred to as “uterine 
milk”) containing the secretions and debris of the endometrial glands plus 
extravasated maternal blood. Uterine milk is secreted into the uterine 
lumen and absorbed by the fetal membranes. 

Hemotroph consists of nutritive materials absorbed directly from the 
circulating maternal blood by the allantochorion or vitellochorion, where 
it is in contact with the uterine tissues. 

The eggs of placental mammals contain very little yolk. The developing 
conceptus, therefore, depends on external sources of nutrients from the 
beginning of intrauterine life. In all types of mammal, histotroph is essen- 
tial before the establishment of the placenta, and in most domestic ani- 
mals, especially (he pig, horse, sheep, and goat, remains so throughout 
the greater part of pregnancy. 

Most experimental work on (he nutritive function of the definitive 
allanlochorial placenta has been centered on the hemotroph, largely ignor- 
ing the histotroph, and has been dominated by Grosser’s classification 
(see Section VI) and its implications on placental permeability. It was 
generally assumed that the transfer of nutrients occurs by a process of 
diffusion and that there is a gradient from a high concentration in the 
maternal vessels to a lower one in the fetal vessels. Grosser’s system of 
classifying placentas according to the layers separating the two circulations 
fitted in naturally enough with this concept, the epitheliochorial type being 
considered more primitive and inefficient as an organ of exchange than the 
endotheliochorial and hemochorial types. The fallacy of this interpreta- 
tion was exposed by Barcroft (72), when be emphasized the high degree 
of maturity of the newborn foal and calf compared with the extreme im- 
maturity of the human baby or rodent at birth, and concluded that there 
could be nothing physiolo^cally inadequate about an appositional, epi- 
theliochorial placenta. 

Subsequent work has shown that the physiological “efficiency” of the 
placenta in the domestic animals may be determined by factors such ss 
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Systematic studies of fetal growth in homogeneous populations or 
single breeds, and using both sufficient numbers ^nd adequate techniques, 
appear to have been carried out mainly in the sheep (59, 87) and pig 
(75), but only rarely in the other domestic animals. Recently, however, 
Evans and Sack (39) have compiled summaries of normal embryonic and 
fetal development in domestic and laboratory mammals, based on the 
literature and on specimens in the collection of embryos at Cornell Uni- 
versity, New York. Their report includes growth curves and chrono- 
logical tables of external features of the developing dog, cat, cow, and 
horse, and is a significant source of information on embryonic and fetal 
growth in these species. Morphological changes in the equine fetus and 
placenta at known stages of gestation have also been described by Doug- 
las and Ginther (56). 

In the fetal sheep, length (forehead-rump, F-R) increases much more 
regularly than weight, and in the opinion of authors such as Barcroft 
(12), over the last two-thirds of pregnancy, F-R length grows in an almost 
linear relation to fetal age, with little difference between single and twin 
lambs. The view that fetal growth in length proceeds in linear fashion 
is not shared by other workers, who believe that it more nearly approxi- 
mates an elongated S, or double-parabolic type of curve. 

There is, however, complete consensus that weight is far more variable 
and provides a less reliable index of fetal growth than length. Variability 
is most pronounced throughout the last one-third of gestation, and during 
this phase the time-weight curve constructed from the means of the whole 
litter bears little relation to the growth of individual young. Why some 
fetuses appear to falter at this stage of prenatal growth while others do not 
is unknown and requires further study. Competition for food with others 
in the litter appears to be one of the most important factors, and it is well 
established that an increase in litter size is associated with a decrease in 
fetal and birth weight in pigs and sheep (72). 

Prenatal development of cattle is very similar to that in sheep (5P. 
44, 72\ Fig. 8A). In these animals absolute weight increases little during 
the first half of intrauterine life, and the greatest gain in weight is made in 
species during the last third of pregnancy. 

In the horse, fetal growth, whether assessed as crown-rump (C-R) length 
(Fig. 8B) or as the cube root of weight (cf. Cole and Cupps, 2nd edition, 
Eig- 1 1. p- 408), shows an essentially linear relation to age. 

TTic pronounced cfTcct of prenatal innuenccs on the size of the nc'^-born 
foal was strikingly demonstrated by the reciprocal Shctland-Shirc crosses 
carried out by Walton and Hammond (S8). At birth the crossbred foal of 
the Shire dam was about three times as large as that of the Shetland marc. 
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Fio. 8. (A) Fe... grow.h in EvJnT anrs^c^i 5P.) 

(B) Fetal growth in the horse. (ReproUticeo ir 

VIII. Chorioallantoic Anastomoses and Twinning 

• ■ ♦v.o there is usually fusion of the chorio- 

In multiple gestation in the co have a 

allantoic blood vessels of adjacent . fp.ysgs occupy the same 

diameter of 1 cm. When, in twin an^when one 

horn, fusion and (59) The presence of common 

is in each horn m-d-- . (59) development 

vascular channels between the teius „„ ovamnle of this 

of immunological tolerance of one twin for Ihe other, an example 

is the freemartin. ,. ^vcr-nre Accordinc to Forbes 

The origin of the term “f-emartm^ rha^S^tx^n “faer” (empty. 
( 41 ), “free” may be a contracti carrying a calf), while the Gaelic 

void) or Scottish a spaced heifer or cow selected for 

mart or martin probably signin ^ 

slaughter because of infertility (cf. a so or » * placental circulation, 

the male is by atrophy of the presump- 

mto a sterile freemartin. This is ch tjccne in the conacl, re- 

0..® md 111. " 1 "“ " "Sc”.', ami und d...ldp«iml o' Hi' 
wS:.:,: <». o..r m* .. .« r»*. => 

heterosexual cattle twins arc frccmartins ( 
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Following the classic descriplion of Keller and Tandler {60) and 
Lillie {62, 63), it was widely believed that the freemartin state is brought 
about by “androgen,” which is conveyed from the male twin through the 
vascular connections to the female fetus and affects its reproductive 
tract during the indifferent stage of development. Numerous experiments 
involving administration of androgens to pregnant cows have so far failed 
to alter the gonads, although the externa! genitalia were masculinized (57). 
It has, therefore, become increasingly clear that the humoral theory alone 
is inadequate to explain the mode of origin of the cattle freemartin, and 
that cellular mechanisms may also be involved. For instance, cattle twm^ 
including heterosexual ones, frequently have identical blood groups an 
represent red cell “chimeras.” This finding suggests that an interchange 
of blood-forming cells between fetuses occurs in iitero {71). Additiona 
support for this view has come from the work of Anderson et al. (7) who 
have shown that identical (monozygous) twins in cattle could not be 
detected by reciprocal skin grafts, since even heterosexual twins sharing 
a common uterine blood supply were tolerant of each other’s tissues m 
adult life. It can be inferred that transplantation antigens had been ex- 
changed via the chorioallantoic anastomoses at a time when the fetus was 
immunologically tolerant, he., unable to distinguish between “self’ an 
“nonself.” Functional anastomoses are present between the allantoic 
vessels of cattle twins as early as day 30 of gestation, at a stage when 
genn cell migration normally occurs (70). Consequently, germ ceil chimcr- 
ism may be the cause of sterility in freemartins. This cellular theory’ o 
the origin of freemartins is not proven, as there is no direct evidence that 
the presence of XY germ cells in a genital ridge of XX cells will transform 
that ridge into a testis, alihough in Short’s view (SI) it is probable that 
the freemartin is masculinized by the secretion of its own gonads. Alterna- 
tively, Witschi (91) has suggested that the gonad of the freemartin may 
be transformed by a male inducer substance (“medullarin”) passing from 
the male to the female co-twin. The sexual organogenesis of the freemartin 
has been described by lost et o/. (5S). For a further discussion of the 
freemartin in cattle see Chapter 16.) 

Freemartins, can, very rarely, occur in other domestic animals. 
lated cases have been reported in pigs, goats, and sheep (S2). It has 
also been shown that, as in the cow, the sheep freemartin is a genetic 
female as well as a bone marrow chimera (42), The incidence of vascular 
anastomoses in sheep twin pregnancy is, however, only 5—10%, or far 
lower than in the cow, and that of red cell chimerism about 5% (-^ • 
S4). This fact probably accounts for the extreme rarity of freemartins m 
sheep. 
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It is thought that the avascular, necrotic tips of 
the pig may discourage the formation of vascular 
one conceptus and its neighbor, and may therrfore 
trolling the incidence of freemartins m pigs. Ihe 
present as early as the 27th day of gestation and 
anastomoses during the critical period immediately 
sex differentiaton ( 40 ). 


the chorionic sacs in 
anastomoses between 
be important in con- 
avascular regions are 
may inhibit vascular 
following histological 


IX. Immunological Problems of Pregnancy 


A. THE FETUS AS A HOMOGRAFT 

The fetus inherits transplantation antigens from both parent. Except 

hypotheses “ ^rotogfcal reactlity of the mother is 

reduced during pregnancy, P"^ is an immunologically 

tween mother and and Anderson (5)]. None 

privileged site [cf. ^ ®' ‘‘"fy a wholly satisfactory explanation, 

of these hypotheses, P^ ^ PeJ (6) that the endocrine 

It has been suggested by Amoroso anri r ry^y 

activity of the trophoblast i^^ f and 

tion, particularly in the epitneiiocn p 

goat in which no protective fibrinoid layer is deposited. 

B. PASSIVE IMMUNITY 

Newborn mammals have limited powemof^anUb^odypro^^ 

during the postpartum P="°y'Py and ruminants the transmission of 
of maternal ongm. In the horse, p g, colostrum, and the intact 

antibodies after birth occurs by "i ^ j ^^,5 

antibodies are absorbed from the infant ' ““f j, 

transmission of passive immunity before birth, but most 
terred through the colostrum afterbirth. 
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The separation of the fetal and maternal circulations is not absolute, 
and there is occasionally an escape of fetal erythrocytes into the maternal 
circulation. The mother becomes sensitized to these foreign antigens on 
the red cells and produces antibodies, the consequence of which is hemo- 
lytic disease of the newborn. In horses, when this occurs naturally, the 
foal is born healthy, hut develops the disease after feeding on colostrum. 
Hemolytic disease also occurs in mules, when it is due to anti-donkey 
antibodies, and it has occurred in pigs when the mother has been immu- 
nized to fetal red cells by blood group antigens contained in a swine fever 
vaccine. A review of passive immunity is given by Brambell (22). 
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1. Introduction 

Pregnancy is defined as the time span between the implantation of a 
fertilized ovum m the uterus and the expulsion of the fetus and its asso- 
ciated membranes at term Implantation may be a precise event, as when 
the ovum begins to erode the endometnum, as in rodents and carnivores, 
or more indefinite in time, as in the Equidac, when fetal and maternal 
tissues stay appositional and casil} separable for a period of weeks Par- 
lunlion involves a prepartum intcnal during which contractions of the 
uterus are initiated and which is followed b> the postpartum epoch when 
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the genital tract involutes and returns to a resting and eventually cyclic 
state. Pregnancy consumes a lengthy period in the economy of the individ- 
ual mammal, lasting 3 or 4 weeks in laboratory rodents, 3-10 months 
in common domestic forms, and 2 years in the elephant. Exceptions are 
the hamster (15 days) and marsupials where very immature fetuses are 
born at 12.5 days and migrate to the mammary pouch where they are 
conserved for prolonged periods. For convenience of reference, selected 
gestation limes are given (Table I) and the reader is referred to Kenneth’s 
compilation (5J) and to Asdell's valuable “Patterns of Mammalian Re- 
production" (5). 

The considerable changes occurring during pregnancy are, in general, 
mediated by hormones. A primary adaptation is the accommodation of the 
uterus to the constantly growing conceptus. During pregnancy, the new 
organism or organisms achieve a total weight which is a significant fraction 
of the mother’s body weight: up to 33% in the mouse, 15% in the sow, 
and 10% in the thoroughbred. This presupposes adequate nutrition of the 
mother and uninterrupted transport and exchange of materials between 
mother and fetus across the placenta. 

As the uterus increases in size to accommodate the fetuses, membranes, 
and fiuid-fillcd sacs, some thinning of mucosal and muscular layers may 
occur, but there is an overall increase in total wet and dry weight in which 


TABLE I 

Length of Gestation, Litter Size, and Result of Oophorectomy during Pregnancy* 





Aborts if 



Length of 

oophorcctomizcd 



gestation 

before gisentf^T 

Species 

Litter sire 

(da>-s) 

of geilanoo 

Cat 

4 

63 

50 

CO'A 

1-2 

277-290 

Term 

Dog 

Multiple, mean 7.0 

61 

Term 

Guinea pig 

2-4 

68 

38 

Goat 

1-3 

I45-15I 

Term 

Horse 

1 

330-345 

150. 2CO 

MonVc> (Afrtrofti miifiitia) 

1 

168 

25 

Man 

1 

280 i 9.2 

30 -(0 

Mouse 

Multiple, mean 6.0 

19-20 

Term 

Pig (domestic) 

«-l2 

112-115 

Term 

RabKl fiJ*7mcslic) 

MuJliple. mean 8.0 

31 

Tcfnt 

Kat 

6-^ 


Term 

Sheep (ilomotic) 

1-2 

144-152 

55 


• l>au cx'fflT'W f«»m »«crsl «>ofcr». reference (/Jj. 
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both cellular and extracellular elements of endometrium and myometrium 
participate. While stretehing may be the proximate stimulus for uterine 
growth, the fact that a .sterile uterine horn also enlarges in pregnancy 
points to the mediation of hormones. 

The mammary glands are also involved in growth and preparation 
during pregnancy. A complex of mammotropic factors carry the glands to 
the point of lactation in the immediate postpartum period. 

The placenta as a unique organ of pregnancy poses questions in re- 
lation to both mother and fetus. The concept of a felo-placcntal unit has 
come to the fore with an appreciation of hormonal functions of the fetus, 
some acting in concert with those of the placenta. An interest in all facets 
of transplantation immunity has called attention further to the paradox 
of immunological tolerance of the “semi-foreign” fetus as a general and 
unsolved problem of pregnancy. 

An earlier review (14) dealt with the subject of hormone excretion 
in the urine of pregnant domestic animals. While such studies led to valu- 
able results, it was realized that urinary values, which arc cumulative, 
reflect only imperfectly the active blood status of a hormone. The possi- 
bility of assaying minute amounts of steroid and protein hormones has led 
to a surge of studies on the quantitation of hormones in the blood of preg- 
nancy which will bo considered in the present chapter. 

Other active areas since the last review (15) have included: the impli- 
cations of cellular binding of hormones as a prelude to action; the role 
of the releasing factors; the significance of hormone transport proteins; 
the chemical nature and biological properties of protein gonadotropins and 
the significance of the prostaglandins. All are topics of active exploitation 
at the level of the laboratory rodents but many are scarcely scratched for 
the domestic forms. These animals are indeed more often the source than 
the target of their own prolific hormones. 


II. Maternal Endocrine Patterns 

A. HORMONE PATTERNS IN BLOOD DURING PREGNANCY AND 
PARTURITION 

No discussion will be offered regarding methodology. Hormone values 
are generally given in nanograms/millililer flO ” gm/ml) or picograms/ 
milliliter (10'*- gm/ml), and rarely in International Units (lU). Informa- 
tion which has been taken from the literature has many gaps and is some- 
times mildly conflicting. The curves presented are mostly composite and 
to some extent impressionistic in attempting to convey major trends. It 
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is hoped that they can serve as a basis for future additions or corrections. 
The main hormones depicted are progesterone, estrogen, and LH. Results 
for other hormones are described if they bear elements of systematic 
treatment. 

1. Cattle (Cow) 

Cycle21-22 days; pregnancy 277-300 days (Fig. 1). 

a. Progesterone. During the estrous cycle, progesterone values var- 
ied from 0.44 ± 0.17 ng/ml at estrus to a peak of 6 to 7 ng/ml from days 
9-16, then fell to baseline. During the first 14 days of pregnancy, values 
were the same as during 14 days postestrus. Cycling animals then showed 
a decline, while pregnant animals attained values at or somewhat above 
cycling maxima and maintained them for most of pregnancy (d4, 78). 
Blood progesterone fell rapidly to 1 ng/ml on the day of calving, and still 
lower during lactational anestrus (1,4, 30. 31, 45, 46, 73, 76). 

b. Estrogens. The major estrogens are estradioI-17(r, estrone, and 
estradiol- 1 7/9, the first two comprising the bulk of active hormone. They 
were studied principally in early and late pregnancy, as related to ini' 
plantation and parturition, respectively. Mated and pregnant cows showed 
values of less than 5 pg/ml from day 3 to 39, contrasted with animals 
which returned to estrus and showed somewhat higher values for 14 days 
and a major peak of 24 pg/ml at proesirus (45). Between the 140th and 
245th day, values were reported below or about 100 pg/ml (31), although 
Robinson et al. (68, 69) found higher values at day 200 (1200 pg/mO 
rising to 2500 pg/ml by day 250. All authors agree on a rise after day 
250, which accelerated after 20 days prepartum and reached a maximum 
between the fifth and second prepartum days which was variously reported 
to be between 1500 and 10,000 pg/ml. Other estrogens are present at 
about one-tenth the level of estrone. A rapid decline occurs some 8 hours 
prepartum to minimal or nondetectable levels on the day following pat" 
turition (1. 4, 31, 45, 46, 67, 69, 76), Estrogen values (Fig. 1) are given 
conservatively. 

c. LUTE1NJ21NG Hor.mone, LH. There are few systematic studies. 
The proestrus peak was 40 ng/ml (4). Ten Holstein heifers had less than 
1 ng/m! in maternal blood scrum at 120 days (53) and the same value 
was recorded at term for a mean of four cows (46). Judgment is 
sctv’cd on findings in a single Zebu cow showing baseline values of 0.5-3.0 
ng/ml after the third or fourth month which were interspersed with short 
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(3-day) bursts of hormone reaching peaks 100 to 2000 times the baseline 
values. After the 7th month, values of 1 to 4 ng/ml were the rule (7^)- 

d. Corticosteroids. Serum glucocorticoids near parturition (ten 
cows) averaged: day 26 to 1 day prepartum, 5 ng/ml; 12 hours pre- 
partum, 10.3 ng/ml; parturition, 16.7 ng/ml; 12 hours postpartum, 5. 
ng/ml (76). A prepartum increase was also shown by Hoffman et o- 
(46). 

e. Androgens. Of interest in view of the possible relation to freemar- 
tinism, androgen assays are few and conflicting. Kiser {53) found no dif- 
ferences between testosterone and androsienedione in dams at 120 da>s 
carrying male or female fetuses, whereas Mongkonpunya {56) found a 
five- to tenfold difference for aodrosterone and a twofold difference lot 
androstenedione in favor of dams bearing males, at 90, 180, and 250 days. 

f. Prolactin. Starting from basal values of 50 ng/ml at 40 hours 
prepartum, prolactin levels rose to a mean peak of 320 ng/ml at 20 hours 
prepartum, then fell more slowly to baseline values by 30 hours postpartum 
{46). Similar findings were reported by Arije et at. (4). 

2. Sheep lEwe) 

Cycle 16.4-17.5 days; pregnancy I44-I52 days (Fig. 2). 

a. Progesterone. During a cycle, serum values varied from 0-12 
ng/ml (equivalent to anesirus) to 2.0 ng/ml from day 10 to 14. Aftcf 
mating, pregnant and nonpregnant values did not differ till day 16, when 
values rose in the pregnant ewes to 2.5 ng/ml at day 50, 12->20 ng/ml 
at days 125-130, a plateau, and finally a steep fall to the day of lambing- 
Appreciable amounts were still present at the beginning of parturition, 
falling below 1 ng/ml at the end of the birth process (9, 56, 79, SI). 

b. Estrogens. Few detenninations are reported with the exception of 
the situation at term. Pregnancy levels were low (in comparison with tl^ 
goal, for example), remaining less than SO pg/ml for most of the period 
and rising to 100 pg/ml just 1 day before birth. On the day of parturition, 
mean levels rose to 400 pg/ml (one case showed over 2000 pg/ml), th^ 
fell to 50 pg/ml in less than 24 hours {8!). Challis {18) first reported 
this estrogen peak in sheep and noted the terminal increase in the cstro- 
gcn/progcslcrone ratio. 
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Ffc. 2. Preg:nancy bloa<l fevefe of progesferonc (sobd lias), esfrogen Crfoffeif /me), 
and FSH (dashed line) in the ewe Data interpreted from references (P, 28, 34, 36- 
38, 61, 71. 79, 81). 


c. Luteinizing Hormone, LH. Cycling ewes showed baseline levels 
of 2 to 3 ng/ml and peaks related to cstrus of 30 to 200 ng/ml (S7, 3S, 
71). Values dropped to less than 1 ng/m! in observations which continued 
to the twentieth day of pregnancy (61). At days 123-128, no maternal 
blood LH was detected (34). 

d. Corticosteroids. Plasma corticosteroids rose in control and 
ovaricctomized pregnant ewes 72—78 hours prcparlum (SO). Values were: 
11-19 ng/ml on days — 8 to — 3; 25-35 ng/ml on days — 2 to 4-1. Over 
the same time intcn'al, adrcnalectomizcd sheep showed level values of 
3 to 6 ng/ml. 

c. Follicle-Stimui.ating Hormone, FSH. Tlic only figures found 
for FSH in pregnancy in a domestic form were those of Chamicy et al. 
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[ 21 ). To the nearest integer, values were: day 42, 34 ng/ml; day 91, 72 
ig/ml; day 126, 59 ng/ml; day 147 (parturition), 35 ng/ml 

f. Prolactin. Levels in the blood of pregnant ewes ranged between 
20 and 80 ng/ml during the first 20 days. At 2 days prepartum a sharp 
rise began, reaching 400 ng/ml on the day of parturition with wide but 
smaller fluctuations for 8 days postpartum ( 29 ). Comparable results 
showed 20-40 ng/ml up to 80 days, an increase from 50 to 100 ng/ml 
within 10 days of parturition, and a terminal peak of 700 ng/ml repre- 
senting a mean for seven ewes (50). 

3. Pig {Sow} 

Cycle 20-22 days; pregnancy 1 12— 1 15 days (Fig. 3). 

a. Progesterone. Progesterone levels increased from 1 ng/ml on 
the day of estrus (mating) to a peak of 35.4 ng/ml on day 12 of pr^S" 
nanc}’, then declined to 17.2 ng/ml on day 24 ( 41 ). In the final 20 days 
before birth, progesterone showed 8-14 ng/ml, with possibly a tendency 
to decrease in the last few days, and a fall to less than 1 ng/ml at birth 
( 6 ). 

b. Estrogens. Subsequent to the estrous peak of 40 pg/ml, 
mating, estrogen remained around 20 pg/ml for the first 24 days of preg‘ 
nancy ( 41 ). Between the 20th and lOih day prepartum, the level "’as 
about 100 pg/ml peaked to 300 ng/m! at days —2 to — L and fell to 
zero after delivery of all the piglets (6). At least 50% of the estrogen was 
estrone. 

c. Luteinizing Hormone, LH. Following an estrous peak of 4 
ng/ml LH dropped to values of I to 2 ng/ml for the first 20 days of 
pregnancy ( 41 ). Later \alucs have not been found. 

d. CoRTicosTFROiDS. Thc mcan concentration during late pregnancy 

in sows was 33 1.5 ng/ml, wiih appreciable daily variations and no 

consistent clcsalion at term (<5). 

4. Goat (Doc) 

C}clc21 days, pregnancy 149 days (Fig. 4). 

a. PROcrsTi ROsr. Plasma progesterone wa.s measured during prep* 
nancy in thc peripheral blood of sixteen common Norwegian goats before 
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Birth 

ric 3 Pregnancy blood levels of progesterone (solid line), estrogen (dotted line), and LH (dashed line) in the sow. Data 
from references (6) and (•//). 
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Fio. 4. Pregnancy blood levels of progesterone (solid line) and estrogen (dotted 
line) in the doe (goat). Data from references (//. 19 ). 


and after extirpation of the ovaries and uterus (JJ). It was also studied 
in the ovarian vein. Levels rose gradually to 33 ng/ml by the 90th day 
and then fell to 7 ng/ml on the 140th day, 3 or 4 days before parturition. 
Ovarian blood levels were approximately 100-fold these amounts. In two 
docs, sampled before and after parturiiton, plasma progesterone 
found to decrease before birth and to remain low for at least 3 days 
after birth. 

h. EsTRoenss. Estrogens W’crc determined in the blood of fifteen 
goats, comprising four breeds, throughout pregnancy (J9). Both estrone 
and csiradiol-l7/j were present. Values recorded (to the nearest integer) 
were: d3>s 0-30. 5 pg/ml; days 39—48, 47 15 pg'ml; days 79-f‘S* 

272 li: 35 pg/ml; days U9-128. 451 i: 70 pg/ml; days I39-I4S (term). 
622 78 pg/ml; days I-IO postpartum, residual or undetectable amount*. 


ESTROGEN (ESTRONE ♦ESTRADIOL.- /3>, pg/ml 



(dashed 


ESTROGEN (ESTRONE), pg/ml 
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tion beginning abruptly on the 42nd day and peaks o£ 50 to IC 
60-75 days. This schedule held for mustangs, thoroughbreds, Per 
Welsh ponies, and Shetlands, with smaller breeds often tending 
peak values (to 400 IXJ/ml). Mule pregnancies showed low titei 
proving control by the fetal genotype. It is desirable that modej 
methods be applied to the situation prior to the onset of the horm 
also to titer both LH and PMSG, assuming these to be different ho 

6. Dog (Bitch) 

Proestrus 5-12 days, estrus 5-12 days; pregnancy 65 days (Fi^ 

Timing of events in the dog was considered best expressed as da 
the LH peak. This is normally followed by ovulation in 12 to 24 
All reported determinations were done on pure-bred beagles. 



taa. 6. Pregnancy blood Icrcts of progesterone (solid line), estrogen (dotlcr 
and I.tt (dashed line) in the bitch. Data interpreted from references (dd, dV, 
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appearance of the hormone Less than 1 lU/ml was present on day 36 
(not detected), by day 57, hormone peaked at 67 lU/ml then declined 
to less than 1 lU/ml by day 150 Early reported assays showed secre- 
tion beginning abruptly on the 42nd day and peaks of 50 to 100 IV at 
60-75 days This schedule held for mustangs, thoroughbreds, Percherons, 
Welsh ponies, and Shetlands, with smaller breeds often tending to high 
peak values (to 400 lU/ml) Mule pregnancies showed low titers (22), 
proving control by the fetal genotype It is desirable that modern assay 
methods be applied to the situation prior to the onset of the hormone and 
also to titer both LH and PMSG, assuming these to be different hormones 

6. Dog (Bitch) 

Proestrus 5-12 days, estrus 5-12 days, pregnancy 65 days (Fig 6) 

Timing of events in the dog was considered best expressed as days from 
the LH peak. This is normally followed by ovulation in 12 to 24 hours 
All reported determinations were done on pure-bred beagles 



I ic 6 Pregnanes liloort Icicb of progesterone (rolid line), eilrogen (dolled Iinel, 
•ind III (daihed line) in llie bitch Dila inlerprcled from references (26 -tO, 75) 
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a. Progesterone. Progesterone levels were below 0.5 ng/ml in pro- 
estrus but began to rise rapidly after the LH peak to maximum values of 
25 to 30 ng/ml at 10 days, whether animals were mated or not. In un- 
mated or sterile mated dogs, progesterone waned after 20 to 30 days to 
levels of less than 0.5 ng/ml after 80 days. Pregnant animals showed a 
significant increase at 20 to 25 days to a peak value of 40 to 50 ng/ml. 
Amounts then declined and were undetectable at parturition (75). Some- 
what lower peak means were also reported (26, 49) as well as a longer 
maintenance of progesterone levels in pregnant versus nonpregnant (pseu- 
dopregnant) animals, and a definite decline during the last 2 days pre- 
ceding birth. 


b. Estrogens. Plasma estradiol- 17/3 showed a maximum of 17.2 ± 
3.8 pg/ml in the first part of estrus, falling to a low of 9.2 d: 1.2 in early 
pregnancy, rising to a fairly steady level of 13.8 ±: 0.7 pg/ml till day 50, 
and falling between days 51 and 60 to 7.7 ± I.O pg/ml {49). This pal" 
tern did not differ materially from that of pseudopregnancy except for 
slightly higher levels in pregnancy. Higher overall values and a fall 
tween the fourth prepartum day and birth were also reported {26). 

c. Luteinizing Hormone, LH. LH determinations were done m 
parallel with the above reported results in beagles. Pregnancy levels at 
about 2 to 4 ng/ml were maintained, similar to values in nonmated and 
sterile mated dogs. Only the estrus (preovulatory) peaks of 7.5 to 22 
ng/ml break the monotony of these curves. 


7. Rabbit (Doe) 

Ovulation triggered by mating; pregnancy 30 days (Fig. 7). 

a. Progesterone. Progesterone and estradiol levels were studied m 
the peripheral blood of rabbits at 3-day intervals throughout pregnancy, 
augmenting previous results on limited periods and replacing earlier esti- 
mates of limited reliability {20). Mean values of progesterone rose from 
5.3 ng/ml on day 3 to 17-19 ng/ml on days 12-15, gradually decreased 
to 6.1 ng/ml on day 30 (term), and to 1.9 ng/ml postpartum. A sug- 
gestion of a secondary peak at day 24 was not significantly diflcrcnt from 
values at day 21. 

b. Estrogens. Estrone titers stayed in the range of 20 to 35 pg/mj 
throughout pregnanej* with a suggestion of lower values at daj-s 12 and 
15. The mean values for cstradioI-17/3 were nearly double those for cs- 
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trone in the first 21 days and were more variable, showing peaks at day 
6 (83.3 pg/ml), day 15 (59.0 pg/ml), and prepartum (48.4 pg/ml). 
In the final days there was no consistent predominance of estradiol-17^ 
over estrone. 


B. THE MATERNAL OVARIES IN PREGNANCY 

In the presence of fertilized and implanting ova, changes are initiated 
in the ovary which define its character for the remainder of gestation. 
Corpora lutea, which normally regress as a result of luteolytic actions, 
still not fully defined, become stabilized as corpora lutea of pregnancy. 
These bodies tend to be larger than corpora of the estrous cycle, although 
the individual cells are not greatly altered. These are typical steroid- 
secreting cells as defined histochemically and ultrastructurally. The growth 
of follicles which would normally signal the onset of another estrous cycle 
does not occur, and both ovulation and estrus are suppressed. This state- 
ment is subject to qualification: suppression of estrus may not be com- 
plete in early pregnancy. One to three ovulations in early pregnancy 
were reported to occur in Welsh ponies (2). Toward the end of 
nancy an estrogen-producing mechanism, at least partly ovarian, begins 
to reassert itself. 

The question “how does the ovary recognize the fetus in the uterus 
does not have a simple answer. In sheep, the signal is given by the blasto- 
cysts prior to implantation (55) and in cows an antiluteolytic effect ot 
the conceptus is apparent by the 19th day, when progesterone levels of 
the pregnant and nonpregnant animals begin to diverge, and may b® 
initiated several days earlier (72). 

Ovariectomy at any point terminates pregnancy in the cow, goat, pig* 
rabbit, rat, and mouse, by resorption or abortion of embryos or fetuses 
(Table I). Pregnancy can be maintained by the prompt and continuous 
administration of estrogen and progesterone in the proper amounts. This 
has been accomplished empirically in cows, gilts, and other forms. Ideally* 
administered hormones should attempt to maintain the correct values a® 
determined by blood assays. 

The ovary is dispensable in man after the 40th day, in the ewe after 
day 55, and in the marc after 150-200 days (two cases). Both in man 
and evse, earlier castration results in abortion and it is inferred that m 
these species an alternate sourr^ of estrogen and progesterone becomes 
available. In support of this, ovariectomy of pregnant sheep at 110, 122, 
and 135 da>s changed blood levels of progesterone very little, although 
the subsequent expected rise at the earlier times did not occur (56). 
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1. Role of Estrogens 

The primary estrogen secreted by the ovary and possibly the placenta 
of all mammals is estradiol-I7/S. Following estrus and fertilization, blood 
levels of estrogens tend to fall in all species. Nevertheless estrogen con- 
tinues to be secreted, and it is upon estrogen-primed tissues that the in- 
creasing amounts of progesterone are acting. Estrogen effects on the gen- 
ital tract are: mitosis and multiplication of epithelial cells and glands; 
hypertrophy of smooth muscle cells and synthesis of contractile proteins; 
synthesis of cellular DNA and RNA; glycogen deposition in muscle cells 
of uterus and blood vessels; synthesis of glycoproteins and glycosamino- 
glycans of the uterus, cervix, and vagina. The estrogen-stimulated uterus 
takes up vital dyes and dye injected intravenously also accumulates at im- 
plantation sites in rodents on the 4th or 5th day (t55) and in sheep on the 
15th or I6th day (72). This reaction is commonly attributed to a local 
increase in vascular permeability. However, this conclusion can be criti- 
cized: dye accumulation may represent enhanced binding by altered extra- 
cellular matrix (16). Some of these actions of estrogen have relevance to 
the increasing demands being made on uterine metabolism. Others help to 
explain growth and physical adaptation to the conceptus. In most domestic 
species, elevated or rising concentrations of estrogen are characteristic of 
midpregnancy and some, like the sheep, cow, and sow display acute termi- 
nal rises. 

Estrogen excretion in the urine of domestic animals (14) generally 
also increases as pregnancy advances, representing production which is 
partly ovarian but probably largely placental (or fcto-placental), of hor- 
mone which is rapidly conjugated or metabolized to biologically less 
active derivatives. Estrogens and related steroids are found in the urine of 
pregnant sheep, pigs, goats, and cows, but man and the mare are the 
forms most prodigal in the production of active and inactive steroids. 
These are present in the blood and urine to the day of parturition, then 
abruptly disappear from the earliest voided urines. 

2. Role of Progesterone 

Blood assays reviewed above emphasize the primary role of progester- 
one in pregnancy. Its effect on the uterus is to add a qualitative change 
to the estrogen-prepared mucosa and to produce an enormous complica- 
tion of the glandular pattern. The uterus becomes less hyperemie and the 
glands are coiled and inserted deeply in the mucosa. This progestational 
etfcct prepares the uterus for the reception of the fertilized ovum. 
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The role of progesterone for the remainder of pregnancy has been 
most eloquently summed up in the term “progesterone block” (28), 
namely, a dampening effect on the myometrium which inhibits contraction 
and which must be removed late in pregnancy to permit parturition to 
occur. Although suggestions were made as to the neuromuscular control 
mechanism, the phrase has remained essentially a descriptive one. Specu- 
lations concerning progesterone action on uterine muscle have run the 
gamut of every currently fashionable hypothesis. 

Blood levels of progesterone universally tend to rise after matmg- 
Absolute amounts vary with the species and arc relatively lower in cow 
and ewe and higher in goat and sow. In some forms the amounts in preg- 
nancy do not greatly exceed those in the corresponding sterile mated ani- 
mal, e.g., the ferret (44) and the dog, which display a marked pseudo- 
pregnancy or metestrus. In most forms the pregnancy levels definitely 
exceed amounts found during the cycle, e.g., horse and pig (twofold), 
sheep (tenfold), and man (hundredfold). It is of interest that the highest 
levels of serum progesterone attained in domestic animals arc much less 
than those recorded for laboratory rodents. Thus rats reach levels of 130 
ng/ml on the 15th day of pregnancy (63) and guinea pigs 265 ng/ml 8^ 
35 to 40 days postcoitus (43). Size and metabolic factors may be involved, 
although man with 200 ng/ml in laic pregnancy would be an apparent ex- 
ception. Since the elephant Is a domestic animal within the meaning of 
the Act, its low rate of progesterone synthesis by luteal tissue may not 
mean that the hormone is unnecessary as was suggested (74). A group 
of pregnant elephants (a staggering thought) would rather be expected 
to show low blood progesterones. 

The situation in the mare is peculiar. Authors, including the present 
one, have stated that the primary corpus luteum of pregnancy is short- 
lived and that a multiple fresh crop takes over its function after the 6lh 
to 8th week. This may be only partly true, since the primary corpus, 
which was tagged in experiments of Squires et al. (77), persisted mor- 
phologically and functionally and shared the common demise of 3ll 
ovarian corpora lutea after the 160th to 180th day. Remnants of these 
bodies were seen at 220 days. 

3. Role of Relaxin 

This water-soluble peptide hormone is present in ovarian extracts and 
appears in the blood of pregnant rabbits, pigs, and cows. By immunoassay, 
relaxin levels were below 2 ng/ml during the first 100 days; rose to a 
mean of 12 ng/ml 3 days prepartum, then rapidly to 44 ng/ml at 30 hours 
and 146 ng/ml at 14 hours prepartum. Values fell to 42 ng/ml at 2 
hours prepartum and to less than 1 ng/ml I day after birth (72b). 
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function is to widen the birth canal by softening or relaxing the fibro- 
cartilaginous ligament of the pubic symphysis, or, in cow and sheep by 
mobilizing the sacroiliae joints. Rclaxin acts on connective tissues pri- 
marily by inducing an enzymatic depolymerization of such colloidal com- 
ponents of joints as the glycosaminoglycans and collagen. The hormone 
additionally acts on the uterus and cervix when given alone or with steroids 
(75) and acts synergistically with estrogen and progesterone to develop the 
mammary gland and suppress lactation {41a'). Near term, prostaglandin 
Fj„, which induces parturition, caused a marked rise in serum relaxin in 
sows when injected on day 1 12 of gestation {72a). 

Purified pig relaxin is a polypeptide of molecular weight 6S00 containing 
two chains {72c). The component A and B chains contain 22 and 30 resi- 
dues, respectively, and the former has been sequenced {71a). Since the 
molecule contains no tyrosine or histidine, Sherwood el al. used' an iodi- 
nated polytyrosyl derivative to develop a radioassay method {72d). 


C. THE PITUITARY GLANDS OF PREGNANCY 

The past 5 years have seen the characterization of two pituitary gonado- 
tropins, FSH and LH, from beef, pork, sheep, and human pituitaries, and 
a description of their detailed chemistry and relationships with each other 
and with human chorionic gonadotropin and thyroid-stimulating hormone 
(TSH). FSH and LH are glycoproteins with a molecular weight of about 
30,000 {40) comprised of two separable subunits, the hormones them- 
selves representing dimers. With these materials in hand, it is hoped that 
functional studies of the pituitary will move off dead center. Little can 
be added to the meager information given previously (75) and no sys- 
tematic studies of the gland in pregnant domestic species are presently 
available, either biochemical or histochemical. 

1. Role in Maintenance of Pregnancy 

Hypophysectomy of many common species before midpregnancy leads 
to fetal death and resorption. After this time varying degrees of failure arc 
encountered. Rabbits and ferrets arc totally intolerant; pregnant gilts op- 
erated upon at 70 to 90 days aborted within 60 hours {54), and goats 
operated upon at 38 to 120 days aborted in 3 to 9 days (25). Ewe.s 
hypophysectomized at 50 to 83 days went to term, but aborted if operated 
upon earlier. However, animals hypophysectomized at 10 days of preg- 
nancy could be maintained by a combination of prolactin and LH, i.e., 
by known lulcotropins. It is well known that the macaque monkey can 
be hypophysectomized on day.s 27 to 156, and delivers at the expected 
time of 1 68 days. The rule is supported that pregnant animals tolerate 
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hypophysectomy in inverse proportion to their dependence on ovarian 
estrogen and progesterone. 

2. Pituitary Hormones in Blood of Pregnant Animals 

Values of LH, FSH, and prolactin in the blood of pregnant animals 
have been given above. Quanlitalion of LH has yielded a limited 
of information which is far from startling. Ovulation is generally preceded 
by a burst of LH varying in amount with the species. Following mating, 
values settled at low but detectable levels in the cow (Fig. 1), sow (Fig. 
3), and dog (Fig. 6). Ewes showed minimal to unobservable levels ti 
20 days and none later. A single report showed FSH to be present in t e 
serum of pregnant ewes. Prolactin is also present during the first 20 
A terminal rise in prolactin occurred at parturition in the ewe, goat, an 
cow. . 

The role of pituitary FSH in pregnancy is unknown. In the ^ 
appears to be curiously dissociated from LH, with which it presuma y 
shares a releasing factor. The constant, if low, presence of LH in the 
blood of pregnancy in most species studied makes it an obvious candidate 
for the role of a luteotropin. The situation in sheep becomes easier to 
understand if the active entity in pregnancy is a luteotropic complex in- 
cluding both LH and prolactin. 

D. THE MAMMARY GLANDS OF PREGNANCY 

Mammary gland development in an animal entering its first pregnancy 
depends on its hormonal history. The doe rabbit, which does not ovulate 
spontaneously, shows simple ductal growth and the rudimentary alveo 
characteristic of estrogen stimulation while the dog with its prolonged lutea 
phase (pseudopregnancy) shows extensive mammary proliferation. Do- 
mestic species generally represent some intermediate variant. During 
pregnancy the mammary gland undergoes further stimulation and growt 
as a result of actions of gonadal and placental estrogens and progesterones. 

Total mammary growth and lactation require a favorable environment 
of protein, carbohydrate, fat, water, and ionic metabolism and this in- 
volves the activity of a mammotropic complex which includes estrogens, 
progesterone, cortisol, thyroxine, and somatotropin (STH) as well as 
prolactin. Some of these hormones are directed to the mammary 
as a morphological unit; others to the production of an energy-rich secre- 
tion. It is reasonable to suppose that the appearance of enhanced amounts 
of prolactin at term in the cow, ewe, and goat signals the initiation of t e 
latter process. 
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III. Placental and Fefo-Placental Endocrine Factors 

The placenta has long been recognized as the “liver of the fetus” a 
massive metabolizing, synthesizing, storage, and transmitting organ. Pla- 
centas survive removal of the fetus in laboratory rodents, cats, and mon- 
keys, and such persisting placentas are viable and exert an endocrine 
role and tend to be delivered at about the normal expected time. How- 
ever, a normal “life-span” of the placenta has not been defined either 
histologically or biochemically. 


A. STEROID HORMONES 

Placental synthesis and interconversion of steroids is sufficiently docu- 
mented by the appearance of some twenty-five or thirty different estrogens 
and progesterone metabolites in pregnancy urine. Most of these sub- 
stances are biologically inert. Differing from the ovary, the placenta is an 
incomplete endocrine organ, lacking enzyme systems which can form 
steroids from acetate. In man, the placenta converts preformed steroid 
precursors such as maternal cholesterol to progesterone and fetal andro- 
gens, testicular or adrenal, to estrogens {70). Animals which abort after 
castration (rabbit, dog, sow, and goat) do not produce significant pla- 
cental progesterone although estrogens are present in goat and sow pla- 
centas. In the cow, horse, and sheep, both hormones are produced by the 
placenta, although this does not save the cow from abortion when 
oophoreclomized. It is apparent that the placenta must attain a certain 
maturity and mass before its functional contribution becomes significant. 


B. PROTEIN AND POLYPEPTIDE HORMONES 

The placental gonadotropin of man (HCG) has a subunit in common 
with pituitary LH and FSH of domestic animals and thus shares their 
molecular phylogeny. Its function as a luteotropic hormone seems certain. 

Equine gonadotropin (PMSG) has now been removed from its anom- 
alous position as a maternal uterine hormone and restored to its status as 
a true fetal product secreted by allantochorionic cells which become de- 
tached and permanently affixed to the uterine mucosa where they develop 
as specialized endometrial cups (3, 23), Although it was obtained early 
in highly purified form, PMSG has not received an intensive chemical 
scrutiny. From its molecular weight of 68,000 {62), it is probably a 
tetramcr, and is biologically unique by reason of its retention by the kid- 
ney, its long half-life in the circulation, and its combination of LH and 
FSH properties. The conclusion that it is responsible for ovulation and 
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corpus luteum formation in early pregnancy in the marc was criticized 
(5) on the reasonable grounds that ovarian activity precedes its appear- 
ance in the serum. However, there is the possibility of a local action of 
the hormone via uterine vein to ovarian artery, before its appearance in 
the general circulation. In later pregnancy it seems certain that its function 
is luteotropic. 

C. PLACENTAL LACTOGENS AND LUTEOTROPINS 

Interest has continued to center on a polypeptide hormone, HPL (hu- 
man placental lactogen), having molecular homologies with growth hor- 
mone and prolactin. Since this substance is also luteotropic in the rat, it 
should be included in both luteotropic and mammotropic complexes of 
pregnancy. A rat placental luteolropin (RPL) with a double action on the 
life-span of the corpus luteum and on the mammary gland has been iso- 
lated (35). Whether materials of this kind are related to the luteotropic 
activity of blastocysts in early pregnancy is unclear (58, 72). Possibly 
the better chemical definition of lactogenic and gonadotropic hormones 
will now make it more profitable to search for luteotropins and lactogens 
in the placentas of domestic species which, while lacking overt hormonal 
activities, could show immunochemical affinities with existing hormones. 
Some mysterious absences, as well as presences, of hormones in the pla- 
centa might be explained by such studies. 

IV. Fetal Endocrine Functions 

The primordia of the endocrine glands are laid down early in intra- 
uterine life. The glands differentiate so that by the time of delivery they 
usually possess a histological type of recognizably adult pattern. A system- 
atic study of fetal endocrines would seek to determine (1) when the 
gland becomes hormonally competent, (2) the reactivity of fetal endo- 
crines with each other, (3) the response of fetal endocrines to maternal 
hormones which cross the placenta, and (4) the contribution of fetal 
secretions to the placenta and maternal organism. Only a few aspects of 
this gigantic program have been worked on or can be considered here. 
Some were previously reviewed (IS). 

A. FETAL GONADS 

The genetically determined gonads of both sexes develop in a maternal 
milieu and it has been thought that the male gonads, through secretion of 
testosterone or other male hormone, may contribute to the development 
of the male accessories. More controvereial is the possibility of male hor- 
mones, through cross-circulation in a female co-twin, modifying gonadal 
development leading to the syndrome of freemartinism in cattle, sbeepf 
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and pigs. Evidence of early synthesis of androgens have been provided 
for fetal pig testes as early as a crown-rump length of 1.5 cm (57), 
cattle fetal Ltes from 90 lo 260 days (52, 56), and tn sheep fetuses be- 

inte iti^eeUs reaching a maximum at 6.5 to 8 months and degenerat.ng 
Ir has the priority on this ^ 7 , 

have been studied histologically (24) and 

gonads are not Pa-;^=u,ady rich ^^Trrnltoro^arsmdiJs ar^ 

ZlfL rLZl of surgical removal of the f^ta. gon^.end to sup. 
port the idea that 

urinary estrogens in the mare {.ooj cell oro- 

to show whether equine gonadotropin initiates ^is interstitial cell pro 

liferation or if another mechanism should be soug . 

B. FETAL HYPOPHYSIS 

A potential activity of the fetal bovine P>'f and 

by instilling Sonadotropin-releasing ormon appearance of 

four female fetuses via artenal cannula and th pr^_p 
LH in ‘he feta serum (55). " ^^bbits, hemideeapita- 
:r :?’22 "fo reCve the h^pophy- significantly reduced thyroid 
and adrenal weights at 29 days (fd). 

C. FETAL ADRENALS 

. • oHrpmlectomixed lambs do not deliver spontaneously 

Sheep bearing ad adrenals with ACTH or administration of 

while stimulation of t _at„re delivery. Glucocorticoids were con- 

coitisol to ‘he fetus causes p^emature^d^^^ 

K."i s£r“«iS ,i» .. I- b.-i =•“»"<«> ■ 


D. COMMENT , „ 

. j cv^tems as well as others such as the thyroid* 
The above fetalen 0 f^„„^,jonally active surprisingly early, begin 

thyrotropin system, ue aq^ct events in the mother 

to modulate processes % mare," the fetal genotype determines 

including parturition ^£,,5 and endometrium and the amount 

the reaction between » secreted. At the 40th day of pregnancy, large 
of equine 8 °"“''° ^ nrotein hormone PMSG are associated with the stal- 
amounts of the SiyeoP amounts with the Jack donkey to marc su- 

lion to mare “’'“S'""’, ," formation which, at present, defies interpretation, 
perallograft, a piece of 
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V. Hormonal Aspects of Parturition 

Observations of the domestic species have shown that the age and 
parity of the mother, and the sex, size, normality or abnormality, and 
genotype of the fetus may all affect gestation length (47). The last was 
stressed by Holm, and is illustrated by the phenomenon of prolonge 
gestation in common dairy breeds and by the gestation lengths of the 
horse (340 days), hinney (350 days), mule (355 days), and donkey 
(365 days) (15). Experiments already quoted on the persistence of the 
placenta after fetal removal do not negate the role of the fetus, but rather 
emphasize that important elements of the parturition process are locate 
at the uterine-placental locus. These influences are strongly hormonal in 
nature and revolve around intricate relationships between estrogens, prO' 
gesterone, adrenal steroids, oxytocin, rclaxin, and prostaglandins. 

A. ESTROGENS AND PROGESTERONE 

These hormones arc always present in the uterine milieu. It is known 
that their relative proportion is usually crucial in determining a uterine 
response, e.g., the varying capacity of different absolute amounts and 
proportions in preventing uterine breakdown and menstruation contingent 
on castration in the macaque monkey (17). If pregnancy represents a 
situation of relative progesterone excess, there is evidence in laboratory 
rodents and in the rabbit, pig, sheep, and cow for one or more of the 
following: (1) a terminal fall in blood progesterone, (2) prolongation 
of pregnancy by progesterone injection, (3) termination of pregnancy by 
ovariectomy unless progesterone is supplied. Rising amounts of estrogens 
characterize mid- and later pregnancy in man, mare, cow, sheep, goat, 
and pig, with terminal peaking in the case of the last four. Estrogen is 
an anabolic hormone for the genital tract and mammary gland and this 
may represent its function during most of pregnancy, exclusive of mi- 
plantation. Data on blood hormone levels support, in general, an increase 
in the estrogen/progesterone ratio as a major correlate to renewed activity 
of the myometrium as the conclusion of gestation approaches. 

B. OTHER FACTORS 

The role of oxytocin has been enigmatic since its discovery by 
in 1909. In the rabbit, endogenous oxytocin was shown to initiate the 
birth process (27), and in the goat oxytocin increased during the secon 
stage of labor. However, an increase in the estrogen/progesterone ratio 
would be expected to sensitize the uterus to oxytocin whether its absolute 
secretion increased or not. In goat, ewe, and cow, while not essential fof 
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the induction of labor, oxytocin may be released in response to distension 
stimuli to the vagina and vulva, and facilitate parturition through its con- 
tractile action on the uterus , , j 

The 'mechanism of involvement of the fetal adrenal glands in sheep 
and rabbits, where it is being most intensively studied, is not clear Fetal 
adrenalectomy does not prevent the induction of labor in the mother with 
glucocorticoids or affect the surge in estrogen levels at term m the sheep 
( 33 ), nor do fetal plasma corticosteroids cross to the maternal plasma in 

late pregnancy in this species (SO) , j u,, ,i,» 

In several species an increased production of prostaglandins by he 
term uterus is reported Mechanisms whereby this ^ 

natural expulsion of the uterine contents are legion and the whole situa 
non bristles with degrees of freedom involving most of the above van 
ables ( 32 ) 


C General Comment 

A unique mechanism for parturition has not been 
tion possibly more than other aspects of reproduction has ^ 

all-or-none positions Insofar as the process is a hormonal 
now in haul by the measurement of blood variables, to begin to d sen- 
tangle the various effectors that appear to be necessary and active as the 
new organism achieves its independent existence 
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I. Introduction 

The preparation of a general, concise trea tment o f mammary gland 
morpho genesis, gj^owth, a nd the initiation and maintenance of lactation 
requ ires extensfye reliance upon references to previous treatments of the 
subject These studies pro\idc guidclmcs for new development of kno\U- 
edge m this area and furnish information for further detailed treatments 
of mammary growth and lactation A number of comprehensne treat- 
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ments of lactation have been published {13, 21, 33, 36, 55, 58, 69). 
These should be consulted for detailed aspects regarding mammary anat- 
omy and development (73, 33, 58, 69), the initiation and maintenance of 
lactation (73, S3, 36, 55, 58), hormonal control mechanisms (13, 21, 36, 
55), and mammary metabolism (21, 36). Emphasis in this chapter is 
placed upon summarizing information on the mammary gland and lacta- 
tion, as well as critical evaluation of recent literature in selected areas of 
current research emphasis. 


U. Anatomy, Morphogenesis, and Development of the 
Mammary Gland 


A. ANATOMY 

Turner, (69) has considered both gross and microscopic anatomy 
the mammary glands of cattle, other hoofed animals, and marine mam- 
mals. Others have considered the anatomy of glands of a number of addi- 
tional species (77, 22, 27, 28, 33. 51, 59). Several species differences ia 
gross anatomy are apparent as ejtemplihcd in Figs. 1 and 2. In many 
species, major ducts, which provide for milk removal from the secretory 



Fio I. Schematic drawing of a cow’s udder, 
showing the major structures of the teat, the gland 
cistern, the connective stroma, and lobuloalveolar 
structure (from Turner, 70). 
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Fig. 2. Schematic drawing of human breast, showing ducts leading to nipple from 
ampulla and the intermingling of tobuloalveolar elements with adipose tissue [from 
Baldwin (/i) “Animal Agriculture: The Biology of Domestic Animals and Their Use 
by Man” (H. H. Cole and Magnar Ronning, eds.). W. H. Freeman, San Francisco, 
California. Copyright © 1974. 1 

parenchyma, terminate in the nipple (Fig. 2), while in ruminant species, 
these terminate in a gland and teat cistern (Fig. 1). At the microscopic 
level there is similarity among species. The alveolus Is the basic secretory 
element of the mammary glands in all except very primitive mammals 
(Fig. 3). The alveoli are small vesicles or sacs made up of a single layer 
of secretory epithelial cells which surround the lumen. The alveoli are 
surrounded by a basement membrane, fine networks of capillaries, and 
myoepithelial cells. Alveoli are arranged in lobules (Fig. 2) and are 
drained by intralobular ducts. These ducts connect with interlobular ducts 
which join larger ducts and provide a route for milk removal from the 
gland. Lobules are surrounded by connective tissue and are arranged in 
lobes, also surrounded by connective tissue elements. Lymphatic capil- 
laries arc found in the interlobular connective tissue but not in the intra- 
lobular area. Extensive light and electron microscopic studies indicate 
only minor interspecific differences in mammary secretory epithelial cell 
structure (25). Fully developed mammary secretory cells have very 
prominent nuclei, mitochondrial, and Golgi structures and an extensive 
rough endoplasmic reticulum. Early speculations regarding mechanisms 
of milk secretion by alveolar cells were reviewed by Turner (69). Tlic 
general conclusion was that although secretory cells undergo considerable 
destruction as evidenced by the presence of enzymes and subcctiular par- 
ticles in milk, the mechanism of secretion must be conservative or meso- 




Epithelial of 
Milk Secreting 




Fic. 3. A schematic drawing of an alveolus, showing how the mammary secretory 
:ells arc arranged to form a saclike structure, how the lumen, into which milk 
secreted by the secretory cells, is connected to an intralobar duct, the close relation 
ship between blood capillaries and the alveolus, and the myoepithelial cells wni 
contract to expel milk from the alveolus (from Turner, 70). 

crine in nature. It was also considered that secretion during milk removal 
from the gland might be partially holocrine in type resulting in cell de 
capitation. Recent studies have clarified further, though not complets^y’ 
the mechanisms of secretion of milk components. Electron microscopic 
and biochemical observations indicate that the membrane which surroun 
milk fat globules is formed from the plasma membrane {32, 57). Also, 
subcellular particles are often found in close association with milk 3 
globules isolated from milk. These observations support earlier views t ^ 
fat secretion involves a form of reverse pinocytosis in which the portion 
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cell membrane surrounding fat droplets is lost when the plasma membrane 
envelopes the fat globule as it is secreted. The mechanism is not entirely 
conser\'ative since cytoplasmic elements are secreted along with the fat 
droplet. Current data {20, 37) indicate that casein micelles and lactose 
are formed in the Golgi apparatus of secretory cells. These might be 
secreted cither via Golgi tubules which are contiguous with the plasma 
membrane or via vesicles which are released by the Golgi, drift toward 
the plasma membrane and, in the process of joining the plasma membrane, 
release lactose and casein into the alveolar lumen {10, 32, 57). Both of 
these possibilities imply that secretory cell plasma membranes are formed 
from Golgi membranes (52). 


B. MORPHOGENESIS 

The basic sequences of events during morphogenesis of the mammary 
glands are similar in most species (/, S3, 69), Two milk lines become 
apparent on the abdomens of very early fetuses. Epidermal thickenings are 
soon formed at points along the milk lines which correspond in placement 
to the points at which mammary glands will be formed in the particular 
species examined. In the case of the bovine fetus, for example, four epi- 
dermal thickenings are formed on the milk lines in the inguinal region be- 
tween the hindlimbs. The epidermal thickenings are called “mammary 
buds.” Thelnammary buds themselves do not differentiate to form mam- 
mary structures, but rather serve as a focal point for the differentiation 
of dermis, epidermis, and mesenchyme. Early in development, the mam- 
mary buds sink into the mesenchyme and a condensation of mesenchymal 
cells takes place around the bud causing the appearance of embryonic teat 
hillocks. Also at this stage, ectodermal cells overlying the bud proliferate 
to form a neck of epidermis connecting the mammary buds to the epi- 
dermis at the apex of the teal hillock. In subsequent stages, the epidermal 
neck increases in size and forms a funnel-shaped cone at the base of which 
an epithelial cord or primary sprout extending the length of the fetal teat 
develops. The primary sprout canalizes starting at the apex of the teat 
during the 19-cm stage of the bovine such that when the fetus reaches 30 
cm in length, structures corresponding to the streak canal and teat cistern 
are clearly defined. These are composed of a basement membrane and a 
double-layered lining of epithelial cells. At the base of the teal a clearly 
defined structure corresponding to the gland cistern, formed from the 
primary sprout during canalization and lined with a double layer of epi- 
thelial cells, is evident. Secondary' and tertiarj' sprouts representing the 
beginning of the duct system of the gland leave the cistern and penetrate 
the surrounding mescnch>mc in various directions. During later stages of 
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fetal development, the mesenchyme diflerentiates to form the connective 
tissue which will support the fully developed mammary gland the con- 
nective glandular stroma which will ulti^ma tcly surround thcJ gbujoaj^o>a 
structures of the mammary -gland, and ad i pos e tissue^vhich surrou^ — 
glandular elem ents and jo mprises thc j>ulk of the jUder m ^1^ 

JThe duersystem is^till rudimentary' at birth and'is'confmcd to a 'CO 
small area surrounding the gland cistern. The teats arc well-forme \vi 
the exception that the sphincter mu scle surround ing the streak 
the apex ■of'th'Tleat and thcTmootiTniuscle wjir^urrounding lhar_e 
cistern, arc not clearly_^’ident. The connective stroma and the 

andjymphatic'sj^t^s are reasonably \vclI^evelopcd. 

Data summarized by Raynaud {54) and Anderson (/) mdicate 
hormonal influences are not necessary for early mammary devciopme 
in the female fetus, although insulin and growth hormones stimulate e'C 
opment of mammary buds cultured m vitro. The primary hormonal c ec^ 
upon fetal mammary development occurs in the male as a result o 
secretion of androgens by the developing testes. The androgens inhibit tea 
growth and cause detachment of the primary mammary sprout from 
external epidermis. The steroid hormones, especially. estrogenf_ althoug ^ 
not required for development, can produce alterations in tl^ pattern o 
deVelopmenran3"''when inject^__in_jarge~^o§es'Tmn"'p^°^*^*^® abnorm 
’^evelopineht: ' " 


C. PREPUBERTAL DEVELOPMENT 

The development of the mammary glands f rom birth to puberty is 
acterized by g eneralized growth and matura^orT of elements 

hirth thf» tpat cnhini-tpr anH ^mnnth mUSClC fibers. 


defined at birth, such as the teat sphincter and smooth muscle 
number ot trchniques have been employed to investigate changes w J 
occur during this period. Matthews et al. {43) and Swett et al. {55) use 
grosTlnorphological criteria such as changes in the weights, dimensions, 


and capacities of udders of heifers to characterize growth and deve o^ 
ment. Several investigators {Jl, 22, 59) employed histological techniqn^^ 
for quantitative measurement of development and degree of branching 
the mammary duct system. . TT/tfter 

Udder weight in calves was highl y^ correlate d wi th age {43). U 
size as assessed by palpation of calves between 3 and 5 months of age ' 
somewhat related to subsequent lactation performance, an 
which led to the proposal that these measurements might be employe _ 
cull calves of low production potential at an early age {65). However, 
usefulness of size and weight criteria for predicting future lactational per 
formance has been seriously questioned {49, 69) on the grounds t a 
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individual variance is very large and that these criteria do not distinguish 
between development ot the mammary parenchyma and growth of as- 
sociated adipose tissue. Criteria based upon measurement of increases in 
gland capacity or internal volume determined by injection of fluids appear 
to be useful; these have not been employed extensively to assess develop- 
ment, however, because of the difficult and unphysiological nature of the 
measurement. A steady increase in udder capacity or internal volume, 
presumably reflecting growth of the gland cistern and duct proliferation, 
has been reported for a number of species {43, 49, 65). 

Measurements of mammary duct growth, degree of branching, and duct 
area in whole-gland mounts have been employed to charac terize prepuber- 
tal mammary gland developnienT'in mice and rats {22, 59). Mammary 
'pand growth was isometric witli respect to the rate of growth of the body 
as a whDle~far'a~perio3'affenjfr'ni7T5ut becaTnF^lometric ( faster than the 
overall"grdwfh rate) several weeks prior to the onset ot cstrous cycles. In 
ovariectomized fernal enind~'nofmal~an 9 castrate males, mammafy~gland 
growth rat es were _js omet ric through out this period . The whole-gland 
mount technique ir3ifiiHnrto°eftiploy foT the study of rats and mice after 
puberty because the glands start to develop in three dimensions at this 
time. The technique assumes a two-dimensional model. For this reason, 
the technique cannot be employed to study prepubertal development in 
species such as guinea pigs and goats, whose glands have a three-dimen- 
sional structure at birth. Techniques for fRFstu'dy^ ^-'and pdstpubertal 
growtfnn''nrammary' glands having a three-dimensional structure have 
been developed (49). These techniques involve tedious nieastn'ements of 
pcfcentagc*bf gland parenchyma and of average, cross-sectional areas of 
serial or sample sections of the gland. Result^'bbtaincd witfnhese tech- 
niqucs-cohlirniTthe observation tiiat m ammary~growth is isomctrifTafiy — - 
in lifoTind bccoincs allbrfiefric^rior to puberty as a resulf of prepubertal 
ovaf istr activity' {JJ ). — ‘ ~ ' 


D. PDSTPUBERTAL DEVELOPMENT 

Although allometric growth of the glandular epithelium commences 
prior to the onset of puberty, puberty is generally considered to represent 
the time during wliich'TTfirpid accel eration of ll ieanammary development 
"bccurCAi thc'onsC-forpinterly'nic^land cistern andTHe farge iTucn: which 
Ica dTrom it~a rc~cofnpo^^ of a double la>er~or epithelial cells bbrilcred 
^ly a slightly dcs^dji aniascmcrit m cmbnuic'suTTbuhded b^hTidrsbr eDn-^ 
ncctbe lissue. TIic smaller ducts arc composed of a single ra>cr bfbpl- 
thclialTecll s siirroun dcd'by thin.TIclicalc layers of conncclnc tissue. Fof- 
lo'wlng pjiberiy. the smaller ducts prolifcrate_\cry quicikly while estrogen 
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levels are high and regress slowly during other phases of the estrous cycle. 

In each cycle, more ducts are formed duri ng the period of 

than are lost during the perioj^'regressio n vMi the ney jesultjh^ 

matrix ^"ducts' is slowly Hevelope d.'thlsmatnx repr^- 

cftTTTTnhf^^inmmrof-thrcievelopmem ot true lo bular st ructures. The pr^ 
liferation of ducts and ductules is accompmii^ Dy or7 in the human, pre 
ceded by development of the connective tissue stroma, growth of adipos 
tissue, and further development of the myoepithelium and the vascular an 
lymphatic systems. It is at this stage that species differences anse due, i 
part, to differences in estrous cycles and, in part, to inherent species • e 
ences in the response of- glandular elements to the ovarian hormones, 
the latter case, it has been noted that in cows, goats, and r ode j^ ( • 
69) adipose tissue growth is rapid 'and'^ev elopment of 
tissue strDrira"lagrbehrnd duct growthTlnlheliiiman, adipose tissue gro 
is slowcraTfdThreohriecnvFWoma^^^ highly developed, Ma>er an 
Klein (44) noted that,Jn general, species which have short estrous cjc 
with a ver>’ short luteal phase exhibit, primarily, duel growth, while i 
species such as the dog'whiefe the cyclic corpus luteum is very long-iDC . 
duct growth is accompanied by considerable lobuloalveolar developmen . 
Hence, estrogen is considered t o be largely respons ible, eitjTer directly o 
indirectly, for duct growthTIoBuJoal yeolar development is considered to 
dcpcndcmi'u'potrTJrogesrcronij^ 

E. DEVELOPMENT DURING PREGNANCY AND EARLY LACTATION 

The mammary gland attains its maximum development during 
nancy or immediately t hereaft er. T he deve lopment which occurs 

this jferiod is ^pendent upon cstro^n, progesterone, uii d~pitUTm o 

moncs. The roTe“ oT pituitary' scCrcTions in~Tli^velopirient w ill be discuss^ 
irrdCtailTnSectlohTTiLB^ndC. . 

Numerous early studies, summarized in a comprehensive revJC^' ) 
Meites (45), NNcrc undertaken with the goal of devefopThg techniques o 
the artificial initiation of lactation. These studies were based on t ^ 
premises that full mammary development occurs during pregnancy as 
result of maintenance of an appropriate balance between progestcro 
a*rrd"c^ft)gcn Accretion'’ and that simulation of pregnancy by administra i 
of 'iTropesfcronc and 'estrogen to sterile cowsTw^ng to at^firially ind^ 
laHatTon would be of benefit to the dairy indus^’. The most pfornisin 
cxpcrimcnl.il techniques were based on administration of 
progesterone combinations for a prolonged period to induce ^dcr 
followed by admlnrstratlon of a ‘'triggering'* dose'bf estrogen and Tnitia lo 

of milkingrin gencrM. although cstrogcn-progcsicronc~combinalions la 
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been found which ind uce good lobuloalvcolar dev elopment in several 
spec i es milk yields after artificial induction ot Jacration have 

been variable and below normal {45, 68). Because of the time and ex- 
pense required for artificial induction oflactation by simulation of preg- 
nancy and low milk yields during induc ed lactations, further investigation 
utilizing this approach w^ not deemed practical {45) and research on 
induced lactation was limited for a number of years. Recently, however, 
Smith and Schanbacher {61) reported that injections of estr adiol-l7ff 
(0.1 mg/k g body weight) and progesterone (0.25 mg/kg body weight) 
for 7’^^yr ^iil initiate lac tatiofTin 60% of infertile cows. Milk^^yieids'in 
lactations th us induced w ere promising. Th ese observati ons have renewed 
interest in the possi bility of obtain ing practical benefit by inducing lacta- 
tion in infertile cows. 


111. Hormonal Requirements for Mammary Gland 
Development and Lactation 

A. METHODS OF EVALUATION 
1. Criteria of Development 

Several of the morphological and histological techniques that have been 
employed to characterize and quantitate mammary gland development 
were discussed in previous sections on development during morphogenesis^ 
puberty, and early pregnanc y. Many of these techniques have also been 
-Employed in studies of hoiroonal effects upon mammary tissue and in the 
study of changes occurring in mammary glands during late pregnancy and 
lactation. However, their usefulness during Ibwe periods ii^im^aired by 
S' number of factors. The difficulty in assessing development in glands 
possessing a three-dimensional structure was referred to in Section II, C. 
Other factors which affect the interpretation and usefulness of histological 
methods include distention of glandular structures by colostral secretions 
during late pregnancy and accumulation of fluids in late pregnancy and 
early lactation. Differences in amounts of accumulated fluids and secretions 
must be corrected when measurements of cross-sectional areas and per- 
centages of parenchyma in selected or sequential gland sections arc used 
to assess growth and development. Several histological techniques which 
avoid these difllcultics have yielded considerable information concerning 
gland d evelopmen t in laic pregnancy an d lactation . One of these uses 
numbers of ceil dwiMOtiSTTFs a crilcTion^^ continuing growth and devel- 
opment, Numbers of cell divisions arc usually determined by estimating 
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frequencies of mitosis directly, by estimating frequencies of mitotic events 
in glands after treatment with colchicin e, or by estimating numbers of 
radioactive nuclei present after administration of tritiated thymidine (25, 
31, 52, 63, 67).’This latter technique provides a basis of assessing the 
types of cells being formed (67). Histological techniques have been ex- 
tensively used to evaluate hormone effect s upon lobuloalveolar develo p* 
ment and milk formation in in v itro ahT/'/i v fv o system?. In' the latter case, 
amounts^f milk in the alveolar lumen and amounts of milk components 
in secretory cells are scored in a semiquantitative fashion to evaluate mag- 
nitudes of hormonal effects. Electron microscopy has been used extensively 
in recent years to evaluate hormonal effects upon ultrastructure (28, 66). 

A number of biochemical techniques has been employed to study 
changes in numbers and types of cells in the mammary glands during preg- 
nancy, lactation, and~involution. Perhaps the most prominent index em- 
ployed to study changes in cell numbers has been DNA content. Use of 
this index of cellularity implies acceptance of the assumptions that DNA 
content per nucleus rema ins constai it_ibro_URh out various stages an d that 
no changes in average numbers of nuclei per cell occur. It is generally 
assumed (1) t hat the amount of DNA per nucleus remains const ant 
thro ughout pregnanc y and lactation in ra ts. Ho wever, Simpson and 
'ScRfhidt 76ty)~Vfe^ted data in conflict with this assumption. Mayer and 
Klein (44) presented arguments indicating that numbers of multinucleate 
cells incre ase during late pregngn e y and lact ation. These observations in- 
dicate that mammary DNA data must be inte rpreted with care. However, 
measurement of total*T5NA" Is the most useful and convenient rnethod 
available for assessing changes in mammary cellularity. 

Numerous types of measurements of mammary metabolic activity have 
been used extensively as criteria for development. Included in these are 
estimates of oxygen uptake, rales of mslk component synthesis, rates oi 
oxidation of specific substrates by gland explants, slices or isolated cells in- 
cubated in vitro, and determinations of RNA and enzym^levels:“Meta- 
bolic and enzyme datajnust always be interjireted with caution since the^e^ 
usuaUy reflect metabolic'^paa^iy dr pot^iial and not, necessarily, m 
activity (7). 

2. In Vivo Techniques 

Studies of the^horm onal requirements f or gland development an d the 
iaitiaiion oMactarion in im^rmmhals have contributed significantly^^ 
the development of T;nowlcdgcl.or hormonaTTHafionshTps irTThammary 
growth and lactation. Two types of studies can~be consjd^cd.' First, hor- 
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mones can be administered t o intact animals and effects upon the gland 
evaluated. Second, blood hormone levels can be monitored during periods 
of malnma ry developmen t such as pubert y, pTegnan cy, and lactation an g^ 
possible relationships between hormone changes and d evelopment ca n b^ 
fe'valuated. In the formerTase 71 nI^rctafionni~veiy~drfficulFbecause~the 
hormone treatmen ts are usually imposed upon ill-defined or individually 
variable *bases^ and injected Tibrmones^can affect mammary development 
indirectly as well as directly. Estrogens, for example, can alter ovarian 
ffinctioimnd ^roTactt ff~^cret iomifi~5ddltion to p^osribly stimulating duct 
growth ^nd i ncreasing the responsive ness o f the mammary gland to pro- 
Ta5jJ^(46) . Confounding features in the interpretation of blood hormone 
data are that causal relationships between hormones and responses must 
be established and that tissue sensitivity to a hormone can vary with 
physiological state. In order to avoid secondary endocrine effects that can 
arise as a result of administration of hormones, various workers have pre- 
ferred to use hypophysectomized, ovariectomized, and/or adrenalectom- 
ized animals to study hormone requirements for mammary gland develop- 
ment and the initiation and maintenance of lactation. Jacobsohn {30) 
emphasized that judicious evaluation of the effects of these various endo- 
crinectomies upon the general physiological status of animals must be 
exercised. In cases where replacement therapies are employed, one must 
distinguish between “permissive” hormonal effects arising from improve- 
ment of physiological status and direct hormonal effects on the tissue. 
Despite the fact that it is sometimes difficult to distinguish direct from in- 
direct hormonal effects, evaluations of hormone actions in vivo are 
essential. 

3. In Vitro Techniques 

In recent years, tremendous progress has been made in assessing the 
specific hormonal requirements for mammary gland growth and differen- 
tiation thfoughrihc use of in \iiro giand cxplani and^cll culture -techniques 
(66). t he clear advantages oi these techniques are rigorous EdnfrOl and 
characterization of experimental conditions and specific manipulation of 
the environment. The primary difficulties or limitations encountered appear 
to arise from the small amounts of tissue available for study from cxplants 
and rapid losses of secretory activities in cxplants and cells from lactating 
animals (/P). Tlicsc limitations make results difficult to interpret. Of par- 
ticular concern is relating mechanisms established in vitro to the in vivo 
situation. Hormone actions in vitro leadin g to increased rates of milk syn- 
thesis, \\hich a£c only I or 2% of rates oBscrs'ccrTnnacTaun^lissuc 
in vivo, may or may not he quantitariwi y impo rtant in vivo. 
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B. DEVELOPMENT DURING PREGNANCY 

Several aspects of mammary gland development during puberty and 
pregnancy were discussed above. It was implied that estrogen and proges- 
terone prlmnry-JinrtnnnP'C rf>qnirpH f or development in mtact 301 - 

mals duTmg this period, that estrogen stimulat e duct growth, and ^ha t 
progesterone regulated^lobuloalveolar devdopmen t. In gene igh^ these nn - 
"plications are correct, but species di^renc es, the_ ro{ e(s) of hormo nes 
fronTthe anteriorpituitarv. and^ ^teractions betw^n ovarian and pituitary 

' — Fottgy" {2J ) considered Species differences in response to ovarian hor- 
mones as representing three broad categories. Species in the first Gregory 
include rats, mice, rabbits, and cats, which are described as exhibiting 
only duct growth when physiological doses of estrogen are administered. 
In these species. Jobuloa lveolar growth occurs only when progesterone is 
^min istered. The second category includes guinea pigs^^gaU, an d c ows, 
^pecies^hicb.uxqmijeUiQth^ and pr ogesterone f or normal j gcf 

dcvelopmwt.. Some Jo^uloalveolac^deyelopment occurs in these spj cies 
NChgnestrogens ‘alone are administered. The bit^ has been placed in n 
third ciregory' because tiuie"br no^ammary development occurs when 
estrogen alone is administered. These species discrepancies may be due to 
differences in the actions of estrogens on glandular tissues, differences m 
the effects of estrogens on other tissues, including the ovaries and the an- 
terior pituitary, differences in endogenous secretion of progesterone, differ- 
ences in synergistic relationships between steroid hormones and prolactin 
and growth honnone, or, as is most likely, a combination of these. 

The literature concerning the role of the anterior pituitary in mammary 
development during pregnancy-is“quite extensive and vvilTnot be 
reviewed here in detaiE tarfy exper?menis~witfi hypophysectomized ani- 
mals indicated that little or no mammary de^vHo^hrenl“occurr^~finless 
anterior pituitary extracts w^ supplied . The anterior pituitary extracts 
employed prevenre^ifie~alr^pHy of gonads that accompanies h^^ 
physeclomy. Hence, it was" suggested that the^nte nof pltuitafyTiorm ones 
' m ight act indirectly by restoring estrogen and p rogeste rone secretion . A 
number of experimentsT hoover, indicated fhai nvnrinn steroids admjn- 
istered alone were i neffective iii stimulating mamm ary growth in hy po; 
physectomizccT aritrhals. These were interpreted as indicating that ho^ 
mone(s) of the anterior pituitary acted directly in the regulation of norma 

mmnma^’ development. Numerous subsequcnT’expcrlrnenir^carly mdh 

cite that hormohes-oLlhe, anterior jiituitary act directly upon the nian^ 
mary gland. Lyons {40, 41) and. later, Mizuno~Md’Haiio“(^ repoHco 



Fig 4 Two sectors of a mammary gland from a 5-months old oophorectomized 
rabbit pretreated with 20 pg estrone plus 1 mg progesterone 5 da>s weckij for 4 
weeks, and then after a 3 day intcr>al with 0 1 mg (3 lU) of ovmc prolactin m 
1 ml of 2^0 butanol into the right sector, and onI> 1 ml of butanol into the left 
Milk in the right sector could be seen through the skm. and could be expressed 
b> 48 hours No other sector of aT>> gland secreted milk x 6 n> permission'bf 
W R Lyons e/o/ (4/) and Butterworths and Co , London 
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that intraduct injections of prolactin into rabbits caused, in addition W 
secretory activity, considerable localized growth of the alveolar epi e 
as assessed histologically and by DNA measurement (Fig- 4). 


C. INITIATION OF LACTATION 

Three events which occur during the immediate^ pre- and 
periods are essenti al to lactoge nesis~br the initiation of la^Uon. Alt oug 
these events^f Tfii^y intermixed, ar^regulatea~B^he sathe ' 

and ofte tToccuTaimost simultaneously, it is conv e nie nt 
for pufp^s o rdis^slion and experimentation. The ITrsrog hggg.^ 
is tl ^Fen glt jnn of^fu n ctionaljy differentiated secretoiy cells^ This eve^^ 
apparently~requiies^ll division and is characterized by t H ^re sence o 
the mammary 'cells"~Capacity"^ develop “a characienstic enzyme comp e 
ment and-torsynlhesiK milk components (2, 66). The second event 
tial to lacto genesis is develop ment o f the capacity for milk synthesis wi ^ 
newlf form ed, functionalfy^tl Tbrmlated cells. A pbTii on 
ment'appwrs to ^e inherenf^Te^uIiiiig only the formation 
cells an'd^a hormonal environment consistent with maintenance ^ ^ 
cells. Another portion of this development seems to be dependent upo 
spe cific hormonally reg ulated processes (2, 66). The third essential eve 
involves regulation of the expression of capacity for milk synthes is w i 
results /rom the Qc^ rrehce~or tfier i Trst two even ts (2, 7). In r’/vo"Bxpe 
meriTTwIth 'fiypo^yseclomized, ovariectomized, and/or adrenalectomiz 
animals and in vitro studies indicate that the primary hormones 
for lactogenesis are pr olacti n, cortisol or corticosterohef an d insul in ( 
5-8),(2,7J, 2J, 33, 55. 66) .Prolactin a pp^rs toTuIfilTTunctions esse ntial 
«;ecrgt nry cel l proliferation and differentiation during late pregnancy ( 

18. 25. 34. 40. ^/,~45r66r6^TlecentTiTvr/r^daTa-'dtscussed d> 
Topper and Oka (66) indicate that prolactin is not the mitogeni c agen 
leadin g to^ secret ory cell prolifera tion and differennat Ton, but rather, sensi 
tizes^mammary' cells to the mitogwiic' actions of insulin and serum factors- 
IrT postmitoTic opanTef^tiafed mammaTy cells,"pr6lacfiriTulfills a 
role inTfie regulationfof RNA~and~protein sjmlhesls’andlh'us is esseny 
for the development wiihuT newly formed" cells oFThy (enzymatic)_cap 
ity for milk coniponenl synthe^s {4, 6. 34, 66). Glucocorticoids regu a e, 
in part, rates of synthesis of several enzymes essential to milk bios>n ^ 
sis and arc essential, along with insulin, for development of the 
rough endoplasmic reticulum which is characteristic of fully devc 
mammary cells (7, 66). Mammary secretory cells are uniquely depen 
upon insulin for their forrnation, devefopment, sur\’ival, and function. 


was noted above, prolactin appears to sensitize mammary cells to 


insulin 








Fic 7 Corlisol 4- insulin, 5 + 5 pg/m! respectively. When these iw© hormones 
are present together, the tissue remains viable and shows some nonstamable clear 
secretion in the aUcoli Compare to Fig 5. in which^thc addition of prolactin 
induces the active protein and fat secretion response X 300 Ktndl> supplied b> 
Dr. Joel J riias. Department of Anatomy, University of California. Dcrkelcy, 
California 
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F«c. 8. Insulin -f prolactin, 5 + 5 Mg/ml. respectively. This response 


also 


produced by insulin alone. There is surs'ival of many individual cells, but cons' 
erablc loss of alveolar organization. Compare to Fig. 5, in which the addition o 
cortisol produces the active protein and fat secretion response. X -IW)- 
supplied by Dr. Joel J. Elias. Department of Anatomy, University of Califomin- 
Berkeley. California. 



388 R. L. BALDWIN AND TERESA PLUCINSKI 

Optima! miJk secretion in hypophysectomized animals administered 
prolactin, and cortisol. Some enhancement of production is obtained wit 
addition of other hormones such as long-acting insulin, estrogens, and 
tri-iodothyronine. Treatment with these hormones does not completely re- 
store milk yields, and it is not clear whether they exert their effects di 
rectly upon secretory tissue or indirectly by affecting general metabohstn. 
After complete hypophysectomy, oxytocin must be administered to facih 
tate milk ejection. Otherwise, the mammary glands degenerate due to 
accumulation of milk in the glands. Prolactin and cortisol retard but o 
not prevent gland degeneration due to lack of oxytocin administration 
and milk removal. 

Baldwin and Yang (7) and, later, Baldwin and Louis (5) summarize 
information relevant to specific actions of hormones upon mammary 
secretory cells during lactation. As was mentioned above, lactating secre- 
tory cells degenerate quickly in vitro. Thus, most data available on hor- 
mone actions during lactation result from in vivo studies with normal, 
endocrinectomized or anti-insulin injected animals and short-term 
studies with tissues removed from such animals. Also mentioned above 
was the fact that mature mammary secretory cells are extremely depen- 
dent upon insulin for normal function and survival. During acute insulin 
insufficiency in vivo, milk synthesis is reduced to very low levels within 
hours and cell degeneration becomes prominent within I or 2 days. The 
specific metabolic defects leading to cessation of milk synthesis within 
hours of insulin insufficiency are not known. The most limiting site o 
insulin action in mammary cells is not membrane transport or hexokinase 
function since cell concentrations of amino acids, glucose, and glucose 
6-phosphate are elevated during acute insulin insufficiency. Also dunnS 
acute insufficiency, cellular energy charge and redox state are allcre 
Insulin effects upon lipogenesis in vitro are dependent upon the redox 
state of the cell. These evidences suggest that insulin acts upon functions 
related to electron transport and energy metabolism. The exact sites o 
insulin action are unknown. Adrenalectomy of mid-Iactating rodents re- 
sults in a 40-50% decrease in milk production and decreases of 40 to 
80% in activities of some twelve to fifteen enzymes closely associate 
with milk synthesis. Activities of many other enzymes are unchange^ • 
These effects arc reversed by glucocorticoid therapy. The depressions »n 
enzyme levels are due, largely, to decreased rates of synthesis indicaunS 
that glucocorticoids regulate, m part, rates of synthesis of key enzym^ 
involved in milk synthesis. Apparently, the depression in milk synthesis 
which occurs after adrenalectomy is not due to the reduced enzyme aC' 
tivitics, since mammary mclaboltlc data indicate that none of these be- 
come rate limiting. Indirect data indicate that flux through the phospb^ 
fruclokinase reaction is reduced after adrenalectomy even though the 
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amount of phosphofructokinase in the gland is not reduced. Limited data 
indicate that prolactin acts in a general fashion upon lactating cells ^nd 
is essential to maintenance of normal rales of RNA and protein synthesis. 
Much additional research will be required to establish the specific actions 
of hormones on mature secretory cells. 


IV. Milk Synthesis 

Considerable data are available regarding milk precursor: product r e- 
lationships and m etabo lic pathways associated with energy metabol^m 
and the synthesis of the ~nia|or milk components. The data to be consj3- 
ered in subsequent sections were largely obtained through in vivo and 
in vitro experiments with isotope tracers, arterioveno us and blood flo w 
measurements, and enzymaticTEChniques. The isotope tr acer'tech niques 
haveTnabled investigators to determine the proportions and amounts of 
milk components formed from specific blood metabolites and to estimate 
the activitier^Tpecific metabolic p athway5~i n mam mary tissue. Studies 
based on b lo'bBUow measurement s a mt determinations of~metabolite leve ls 
in arterial blood entering, and venous bl ood leaving, th e mammary gla nds 
provide'a basis tor quantitative estimation ot tne aments of blood metab- 
olites abs5fEid~bv~ the mammary gland and, it coupled withjsotope tech- 
niques, assessRigiirortSe amo unts of milk com ponents forme d from e¥t :h 
blood metabolite.TrKinipproach requires accurate assessment~of mammal 
blood ilDW~ rrues and the venousTllobd^BtaineaTbnsl be j^rresentaiive ^ 
the blood leaving the whole gland~(3SLrTMmosrnllTnamTtiaf^blood flo^ 
and arteriSvenous lA-vj tneasufements'havcdieemnaae'bnTunTinanlsTKe. 
cause oNhe'sizeTnd'siruclure ot th^irTfianunafy^landsT LnzyrnatTc tcclpr- 
niques have-becn~cmploy’ed~prifnarily to 'ciraractefize~fhe enzymes and 
pathways ot energy metabolism and ot biosynthesis of milk component^. 
Much useful data have been obtained on ruminant and nonruminant mam- 
mary metabolism using these techniques. Several recent and comprehensive 
reviews pertaining to various aspects of milk synthesis are available (2/. 
36, 55). 

Precursor; product relationships for the lactating goat udder arc sum- 
"iriarized in Table 1. The amount and composition of milk made is deter- 
mined by the precursors takeh up byTlic gland" and the biocheiiucanranS. 
"formations which the precursors undergo in the' mammary'sccFefbry^ells. 
Figures 9 and 10 represent How diagrams ot the mc'fab^ic path'ways in-, 
volved in milk synthesis for rat and cow mammary glands. TIicsc twq 
species diticr greatly in precursors used for synthesizing milk components 
and ihc composition of milk produded. For example, rats'make milk fat 
from glucose; while cows use acetate as Ihc precursor of fatly acids syn- 
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TABLE 1 
Major Precursor 


: Product Relationships for the Lactating Goat Udder 


Precursor 


A-V difference Uptake 

(mg/IOO ml blood)' (mg/ml milk produced)’- 


Product 

(mg/ml milk produced) 


Glucose 

14.4 

Acetate 

5.7 

Triglycerides 

6.7 

Amino acids 

l.M 


69.6 

Lactose 46 

CO: 17-^ 

Glycerol 2.7 

27.5 

Fatty acids 14.5 
CO, i2.9 

Triglyceride 29.0 

32.4 

5.0 

Casein 4.6 


“ Artenovenous (A-V) differences were obtained by subtracting mammary venous pr 
cursor concentrations from arterial concentrations. 

* Uptake of precursors was calculated using a ratio of mammary blood no 
0(438:1 (i/). 


thesized in the mammaty gland. Since details regarding ‘ 

ways of milk synthesis are available in many biochemistry texts ana 
references (2i, 36, 55), the present discussion of milk synthesis ^ 
marize data relating only to regulation of metabolic pathways, ^anti 
precursor'.product relationships, and some aspects of energetic emcie y- 


A. LACTOSE SYNTHESIS 

The primary biood precursor of lactose is glucose (55) . Figures 9 
sfinmrafeeTfiepathway^lacJios^^lhesij. There' ire two potential 
regulation rf lactQse.syi!S!iesis:' g lucose uptake and lactpsejynthatas^^^^^ 
dence that glucose uptake is important i nclude observations that low — 
glucose concentrations_res airin~lovrrnilk production {38). Lactose 
thetase catalyzes the la^t st^s ip thc~~pathway for lactose synth e^^ 
lactose syntheta^'conTplex consists of two proteins — gala ct^j^trans 
and tt-lactalbuminTGaHctosyltransferase is present in all tissue s; how 
'rt^lactHbuminTs Ibun^lshly'Tn mammary tissue and is required for 
synthesis. Current hypotheses rcgardingnhe"'feguTation of lactose 
AtndicaVe that «-lactalbumin is synthesized in response to hormonal s ' 
When this occurs, rt-lactalbumin combines with the galactosyltrans 
in the Golgi and lactose is synthesized. Both lactose and or-lactalbumm 
then secreted (see Section II,A). Thus, lactose synthesis appears 
dependent upon rales of a-Iactalbumin synthesis (20). . .jj. 

LactoSt secretion is involved in the regulation of water secretion 
Lactose in the alveolar lumen produces osmotic pressure which dras'S 
and sodium from blood to milk. This suggestion is supported by I ^ 
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Flo 9 Metabolite fluxes during synthesis in the rat Metabolite fluxes through 
the several pathways were computed on the basis of carbon, NABH , NADPH . 
and ATP requirements for synthesis of 45 gm mdk/day, with the composition 
indicated Fluxes for each reaction and/or pathways arc expressed in mmoles per 
day. Rounding of errors in notating fluxes on arrows leads to slight imbalances but 
basically the system is in balance Energy requirements were considered for main* 
tenance but not for uptake, synthesis and /or secretion of minor milk components 
The primary precursors of milk were considered to be blood glucose. trjgl>cerides 
(BTG), free fatty acids (BNEFA) anu ammo acids (AA) Abbreviations include 
glucosc-6-P (G6P), UDP galactose (UDPGAL), 6-phosphogUiconate (6PG), 
ribuIose-5-P (RU5P), fructose-6-P(F6P). fruclosc-1, 6 diphosphate {FI.6DP). 
triosc phosphates (TP), n-gljcero!-P (oGP), pyruvate (PVA), oxalacetic acid 
(OAA), fatty acid (FA), triglycerides (TG). tricarboxylic acid pathway (TCA). 
and fatty acjl-CoA (FACoA) (from PUicmski. SJ) 

scrvation that isolated goat mammary glands perfused without glucose 
secrete only small volumes of very concentrated milk (38), 

B PROTEIN SYNTHESIS 

Casein and /3-lacloglobulln make up about 909c of the protein of milk 
and arc not found in blood; therefore, most milk protein must be synthc- 
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Fio. 10. MeiaboLie fluxes during milk synthesis in the cow. Fluxes were compu ® 
as described for rat tn Fig. 9, with the exception that the primary 
sidcred were glucose, acetate, amino acids, ketone bodies (BHBA), 
triglycerides and fluxes are expressed as molcs/day. Milk yield was .-pn 

be 30 kg/day. Some metabolism of amino acids was considered and the secre i 
of 0.36 moles/day of citrate in milk was accommodated (from Baldwin and Yang. 


sized in the gland from amino acids (37). Mechanisms involved in nii 
protein synthesis are similar to those in other mammalian cells. Seve 
reviews of protein synthesis mechanisms are available {24, 37). 

Amino acid uptake and protein content of milk are affected by 
tional status of ani mals a nd blood amino acid levels. Rook and^Ltn® ( f’ 
for example, found that heavy gi^n feeding to cows increased plasma g_ 
cose rmd amino_acitLley eIs and milk coricenfraIions~Df~ca'sein and^hu^*^^ 
'll is not clear, however, whether the increase in milk protein shoul 
attributed tp a greater availability of energy in the form of glucose or 
greater availability of amino acids. 

Recent reviews (24, 38) provide summaries of many references on 
quantitative contributions of plasma amino acids to the synthesis of nn 
proteins in several species. These studies, based on A-V difference a 
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isotope tracer techniques, demonstrate that mammary uptake of amino 
acids from blood is sufficient to provide for milk protein synthesis in goats, 
cows, and sows. Furthermore, these amino acids are incorporated into 
milk protein. Some amino acids are taken up in excess of amounts needed 
for milk protein synthesis — arginine in the goat and cow and serine in the 
pig. These appear to provide nitrogen for the synthesis of several nonessen- 
tial amino acids which are present in milk protein in amounts exceeding 
uptake. 

C. MILK FAT SYNTHESIS 

A great many problems have been encountered in the investigation of 
milk fat biosynthesis, due largely to the complexity of and variation in 
composition of the milk triglycerides,, the large number of potential ,and 
real precursors of milk fat found'nTbloodi andlheTTTultiplicitjrof-palliways 
for the synthesis ^nd alteration o^f fatty acidsln the mamrh^>^ gland. The 
literature perfaininglo~these problems is much too extensive tor specific 

is 

The primary blood precursors of the fatty acids in milk fat triglycerides 
in rumina nts .a p pcarf^oe acetatg rig=hydrDXybutyrate,^nd tri^gtyegFiderof 
the low-density blood lipoproteins and chTlomicra. Glucose m Blood is not 
a significanrsourcFoTcaTbtyirfsfTnnFTaf oFTaUy'aad synthesis.~Thej)ri. 
mary blood precursOfroTmilk’^ly acidrtn ndhrummanis are glucose and 
Tabh II presents 3 svmmar)’~drhuf7!er^s daSa'on'fhe 
contributions of the primary precursors of the fatty acids in cow milk tri- 
glycerides. Only the major fatty acid components of milk fat are repre- 
sented. jff-Hydroxybutyrate (BHBA) is a major blood precursor of butyrate 
and the first four carbons of Co to C,., fatty acids. 

Figures 9 and 10 summarize the pathways of fatly acid synthesis in rat 
and cow mammary glands. Represented arc synthesis via the malonyl-CoA 
pathway in rats and synthesis via the malonyl-CoA pathway and chain 
elongation (BHBA -f- acctyl-CoA) pathway in cows. More detail on ihn 
specific pathways and mechanisms of NADPH.. synthesis in rats and cow§ 
(Figs. ,9 and 10) can be found in a recent review by Bauman (9). An 
intriguing feature of mammary fatty acid synthesis is the formation of n. 
mixture of fatty acids varj'ing in chain length from C,„ to C,®. In other 
tissues the primary product is palmilatc (Cjc). Purified mammary fatty 
acid sjnthctasc forms palmitalc. The mechanism causing shorter chain fatty 
acid synthesis hi vivo and in tissue homogenates is not clear and is cur- 
rently receiving considerable attention. Blood triglycerides in ch>Iomfcra 
and low-density lipoproteins arc hydrolyzed by lipoprotein lipase in the 


considerati on within the p resent context, and 
urged to consult re«iit revuewrtTT^ Ty, 3^. 
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TABLE II 


Precursors of Milk Fat Fatly Acids* 


Fatty acid 

Mole % in 
milk fat 

Grams/lOO gm milk fatty acid from 

Acetate + BHBA Blood triglyceride 

C‘ 

10 

4.0 

— 

Ci 

4 

2.1 

— 

c. 

2 

1.3 

— 

C,o 

5 

4.0 

— 

Cl* 

3 

2.8 

— 

Cm 

10 

5.2 

5.2 

Cm 

25 

14.! 

14.1 

c,,., 

3 

— 

3.6 


8 

— 

10.5 

Cis.i 

27 

— 

35.0 

Ci«,t 

3 

— 

3.5 


” Adapted from Smith (62). 


capillaries prior to uptake by the gland. Observations indicating this mec ■' 
anism have been obtained in A-V difference studies using lactating goals 
and in histochemical studies with lactating mice (S8). Triglyceride gy 
cerol in milk fat is formed from blood triglyceride glycerol and blood g u* 
cose. Several data indicate that glycerol from blood triglycerides is quanh 
tatively converted into glyceride glycerol. Additional required glycerol is 
synthesized from glucose in both ruminants and nonruminants {9, 3 )• 
Milk fat is the most variable component of milk, and because of thi^ 
and the fact that depressions in percentage milk fat in the milk of cows c 
high concentrate and other diets are a problem of considerable practic 
importance, factors affecting milk fal synthesis have been studied exten 
sively. It appears that milk fat synthesis is affected by the general meta 
bolic status of the animal and by intracellular regulatory mechanisms 
the mammary gland (76). 


D. EFFICIENCY OF MILK SYNTHESIS 

The data presented in Tables HI and IV were prepared to enable estima^ 
tion of elTtciencies of milk synthesis in the mammary gland. The calcu 
tions are based on mammary uptake data, milk composition data, ai' 
consideration of mammary metabolic pathways as presented in Figs. 9 an ^ 
10. Uptakes for Table III were calculated using, primarily, input 
ments and metabolic pathways because rat A-V difference data are lim' ^ 
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TABLE III 

Estimation of the Efficiency of Milk Synthesis in the Rat Mammary 
Gland^ * 



Uptake/100 gm milk 


Output/IOO gm milk 

mmoles 

kcal 

mmoles 

kcal 

Glucose 

155.0 

104.3 

Lactose 

8.4 

n.3 

Ammo acids 

102.7 

58.2 

Fat 

21.3 

143.7 

Triglyceride 

11.0 

83.5 

Protein 

102.7 

58.5 



246.0 



213.5 


" Efficiency = output/uptake X 100 = 213.5/239.9 X 100 = 87%. 
‘ Adapted from Plucinskl (5.^) 


TABLE IV 

Estimation of the Efficiency of Milk Synthesis in the Cow 
Mammary Gland* ‘ 



Uptake/kg milk 


Output/kg milk 

mmoles 

kcal 

mmoles 

kcal 

Glucose 

373 

251 

Fat 

48 

304 

Acetate 

525 

no 

Lactose 

140 

189 

BHBA 

52 

27 

Protein 

250 

143 

Triglyceride 

30 

213 


— 

— 

AtowiO acids 

250 

142 



— 



743 



636 


" Efficiency = output/uptake X fOO = 636/743 X 100 = 86% 
‘ Adapted from Baldwin and Yang { 7 ) 


Extensive A-V difference data were used in formulating Table IV. The 
estimates obtained indicate that milk synthesis is a very efficient process. 
Efficiencies of milk synthesis for whole animals are less than those for the 
gland alone because energy is lost during substrate transformation m extra- 
mammary tissues. However, whole animal data support the view that mant- 
mary milk synthesis occurs at close to theoretical (biochemical) efficiencies 
{ 12 ). 


V. Milk Ejection 

Milk secreted by the alveolar cells of the mammary gland cannot be re- 
moved until th( ^iyocpithclial cells surrounding the alvcoh contract and 
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force the milk from the alveoli and small ducts to the large ducts and the 
gland and teat cisterns. The neuroendocrine reflex activated by suckling 
milking, which regulates myoepithelial cell contraction and milk ’ 

has been the subject of extensive investigation. The development ^ 
edge concerning milk ejection was treated in a very interesting f^view ^ 
Folley (25). Recent advances regarding the functional 
mammary glands, the hypothalamo-neurohypophyseal system, and tne 
of oxytocin in milk expulsion have been reviewed in detail (/7, 26). 

A. FUNCTIONAL INNERVATION OF THE MAMMARY GLANDS 

The innervation of the mammary glands resembles that of the 
might be expected in view of their common embryological origin, 
comprised of somatic sensory and sympathetic motor fibers arising 
different segments of the spinal cord, depending upon whether a 
species has thoracic, abdominal, and/or inguinal mammary glands. 
has been some controversy regarding the presence or absence o 
sympathetic innervation in the udders of ruminants, but, at present, u® 
vincing evidence of such innervation is available (/'#). The sensory n 
are distributed, primarily, in the skin surrounding the mammary 
are present in exceptionally large numbers in the teats. The supply o 
sory nerves to the mammary parenchyma appears to be very Ijmite . 
motor nerve endings found in the mammary glands supply, primart y» 
blood vessels, the connective stroma, the large ducts, and the muscles 
rounding the teat and gland cisterns and the teat sphincter 
tion of the peripheral extremities of the mammary nerves and admmi 
tion of adrenaline cause vasoconstriction, rhythmic contractions in the * 
and relaxation of smooth muscles surrounding the teat and gland cis e^^^^ 
These ob^servations and others mentioned later support the contentions 
the autonomic fibers supplying the mammary gland are sympathetic 
adrenergic and that motor endings do not supply the myoepithelia 
surrounding the alveoli and small ducts. Hence, motor elements are 
responsible for milk ejection. 


B. REGULATION OF OXYTOCIN RELEASE 

The sensory stimuli associated with suckling or milking lead to the 
cration of the ncurohormonc, oxytocin, and possibly vasopressin 
blood. Con^derable attention has been focused on eXamination'Of t 
-cicncy of various visual, conditioned, and physical stimuli in evoking ^ 
tocin release and subsequent milk ejection in the course of form 
of recommendations concerning prdp^'pr^TIcal'prcmilking’pnict ^ 



14. MAMMARY GLAND DEVELOPMENT AND LACTATION 397 

dairy cattle and goats. These studies have resulted in the realization that 
practices which cause vasoconstriction (as by adrenaline) in the udder 
prevent milk ejection, due to the prevention of oxytocin entry to the udder 
and that the most effective stimulus to milk ejection is manipulation of the 
teats during suckling or the act of milking. In this connection, it is sur- 
prising that the types of stimuli (e.g., tactile, thermal) which excite the 
sensory nerve endings in the teats have not been characterized in detail. 
However, there is general agreement that excitations resulting from the 
complex of stimuli associated with milking and suckling are transmitted 
to the neurohypophysis and cause oxytocin release. Transmission of ex- 
citations from the teats involves a complex of ascending spinal paths and, 
possibly, medullary paths which analyze, integrate, and modulate these 
afferent impulses to the supraoptic and paraventricular nuclei of the hypo- 
thalamus, which in turn, transfer the signal to the neurohypophysis (77, 
26) . The supraoptic and paraventricular nuclei perform two functions re- 
lated to the release of oxytocin from the neurohypophysis. Oxytocin and 
vasopressin (ADH) are synthesized in these hypothalamic nuclei and are 
transported to the neurohypophysis. Oxytocin and vasopressin thus syn- 
thesized and transported are stored in the neurohypophysis and released 
in response to nervous stimulation of and from the supraoptic and para- 
ventricular nuclei. It should be pointed out that stimulations of the teats 
are not the only cause of oxytocin release. Other common stimuli include 
those arising from the genitals, a basis for some historical milking practices 
described by Cowie and Tindal (13) and Folley (23), and from the in- 
jection of hypertonic saline. This latter observation emphasizes the fact 
that stimuli causing oxytocin and vasopressin release from the posterior 
pituitary have a common origin in the hypothalami of many species. The 
role of the hypothalamus in the regulation of the secretion of adenohypo- 
physeal hormones involved in lactation is described in Chapter 3. 


C. MILK EJECTION 

Oxytocin released by the ne urohypophy sjsjs-ttansported by the blood 
to the mammary glands, Wliere it acts upon the myoepithelial cells sur- 
rounding the alvc^Land^ucts of tlie~g lands and causes them to contract 
and expel the milk. Oxvloein~also c auses relaxation ofjhc smooth muscles - 
surroundingThe large duos and~gland and teat cisterns, thus providing for 
cnlargcmcnr'of-lhcse-structures to accommodate the-milk ejected from the 
alveoli. Intramammary 'pressure rises as a rcsull~df~lhe forcible ejection of ^ 
milk from-the'als’coli an'd small ducts, and the suckling young dr fhc'ihilkcr “ 
has only'fo^sercomc the resistance of the teal sphincter in order to accom- 
plish the final stagc of milk removal (23). In many animals the buildup of 
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intramammary pressure is sufficiently great to overcome the resistance of 
the teat sphincter and forces milk to drip or spurt from the teats (23). 
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intramammary pressure is sufficiently great to overcome the resistance of 
the teat sphincter and forces milk to drip or spurt from the teats (23). 
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I. Introduction 

Tlic great increase in the understanding of reproductive p!i>siolog> of 
tile nnre and stallion which has occurred during the iaM 10 >cars is due 


-101 
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to the development of new methodological techniques, 
area of reproductive endocrinology, coupled with increased ‘ 
clinical findings. The First International Symposium ^pon ^ P , 

duction (SO) held in Cambridge, England during July 1974, con 
significantly to the advancement of knowledge of horse .5 

it is a must for anyone seriously interested in this subject. The re 
also referred to Andrews and McKenzie (7). Berliner (/'/), 
kawa (65) for a review of the earlier work in horse repro _ 
A major problem in horse reproduction is that the physiological r p 
ductive season does not necessarily coincide with the breeding j 

posed on equidae by many breed associations, wherein all 
year of age on January 1. In order for horses to compete at 
in the horse show arena as yearlings or as 2 and 3 year olds, the 
ing season must commence in February or early March at a time " 
normal ovarian activity may not have been reestablished. 

Another problem associated with horse reproduction is that Iitt e * ^ 
tion for reproductive performance has been practiced in either t e ^ 
or the stallion. The predominant value of the horse has been determi 
through competitive excellence. Time may bring changes in 
horse breed associations on the dating age of foals, , jj^at 

align the imposed and physiolo^ca! breeding seasons, but it is like > 
speed and performance will continue to determine which animal t e 
ers will use in their breeding programs. 


11. Estrous Cycle 

Most mares are seasonally polyestrous, undergoing periods of 
inactivity most often associated with the onset of the winter season. 
periods of ovarian inactivity can last from 2 to 6 months, depen 
the latitude and possibly the climate of the particular locale. The u 
north or south of the equatorial line, the more pronounced the occurr 
of winter anestrus. Some mares cycle the year around. Figure 1 
data which suggest that 20-25% of the mares in Australia cycle 
the period of winter anestrus (7J). In one 2-year study of eleven 
at Davis, California, five mares underwent winter anestrus, five 
cycled continuously during the 2 years, and one mare cycled continu 
the first year and underwent anestrus the next year (55 ) . ^ 

Light is an important factor which influences the sexual season o 
mare (Fig. 1). Although the mare responds to decreasing light b> 
nating cyclical ovarian activity, the response is slow and may & 
months after the summer solstice. Similarly, her response to increa 
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• • 1961 -63 - 24 “ 

o o 1964-65 - 37 - 

Tio. 1. A frequency distribution cun'c for the seasonal occurrence (percentage) of ovulation in mares obtained from 
three sur\e>s in Australia. Note the low ovulation rate associated with the start of the breeding season. The asterisk (*) 
refers to the summer and winter solstice and the vernal and autumn equinox. (From Osborne, 71 .) 
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light, and cyclical ovarian activity in the spring is not reestablished un.il 
3 to 5 months after the winter solstice. Increasing the photopenod wi 
artificial lighting during the winter is utilized to bring about the resump- 
tion of ovarian activity earlier in the spring ( 60 ). 


A. LENGTH 

There is considerable variation in the literature concerning the len^h 
of the estrous cycle of the mare (7. 52). Prolonged estrus without 
lion and erratic estrous behavior in the early spring account for muc 
this variation { 54 . 55 ). In addition, spontaneous prolongation 
activity occurs rather commonly in the nonpregnant mare (4, 54). vti 
tory intervals determined by rectal palpation, together with psjchic 
of estrus when teased by a stallion during the physiological .g 

son, indicate that the average length of the estrous cycle is 2I-— 
(55). 


B. OVARIAN STRUCTURE AND FUNCTION 


1. Folliculogenesis 

While definitive follicle growih and ovulation of one follicle 
during estrus, it is not uncommon for other follicles to continue to gf 
with the following possible fates: (1) ovulation within 24 hours o 
first ovulation, (2) ovulation during the luteal phase of the c>cle. 
eventual regression during the luteal phase (55). Data have 
sented suggesting that waves of follicular growth and estradiol 
occur at 10-day intervals, irrespective of a functional corpus lutcum 
present in the marc (57, 700). . 

Tlic magnitude of multiple follicle development in the marc is 
by the finding or t\\o or more follicles in 125 of 276 estrous 
were greater than 25 mm in diameter (55). Only occasionally di 
smaller follicle at the onset of estrus become either the follicle o\u 
or the first of scNcral ovulations (6Sc) (66). pn) 

Pengtsson and Knudsen (//) and van NiekcrL and van Hcerdcn ( 
IiaNc cmphast/cd the importance of adequate nutrition for the rccsta 
menl of follicular growth in the spring. 

The m.ain secretory product of the follicle, as in other domestic 
is c'tropcn Estrogen Icscls (Fig. 2) increase in the peripheral 
prior to and during sexual receptivity (67, 70 , 72 ). 
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Fig. 2. The endocrine changes found in the peripheral plasma of mares in associa- 
tion with ovulation (OV). The progesterone values (• •) are from Stnben- 

feldt et at. (8?) (one vertical division » 1 ng/ml plasma); estradiol values 

(A A) are from Noden et ah (69) (one vertical division = 5 pg/ml plasma); 

LH values (0***0) are from Geschwind et at (41) (one vertical division « 2 

ng/ml plasma); and the FSH values (O O) are from Evans and Irvine (37) 

(one vertical division =» 20 ng/ml plasma). The horizontal bar represents the 
period of sexual receptivity (estrus). 


2. Ovulation 

As in other mammalian species, (he embryonic equme ovary begins 
its development with cortical tissue surrounding the medullary portion in 
a normal arrangement. As the equine ovary develops in the neonatal period, 
the cortical tissue (germinal epithelium) becomes confined to one area and 
is nearly surrounded by medullary tissue at the time the foal is 4 months of 
age (65, 87). As a result of (his arrangement, marcs ovulate follicles 
from one specific area of the ovary, i.c., the ovulation fossa (Fig. 3). The 
tunica albuginea, which separates the cortical and medullary areas in the 
embryonic gonad, eventually covers most of the external surface of the 
adult equine ovary but is absent from the germinal epithelial layer through 
which ovulation occurs (65). 

Follicles usually reach a size of 35 to 55 mm prior to ovulation. While 
perceptible softening of the follicle has been reported during the Iasi 24 
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Fig. 3. Diasrammatic comparison of the corticomeduHary arrancemen 
mature equine ovary (right) and other mammalian 0 %'anes (left), es, 
superficiale; mt, mesolhelium; close stipple, cortex; open stipple, medulla. ^ cortical 
reversal of corticomeduHary areas with only a small area of contact ® ^ 

area with the ovarian surface (o\'ulalion fossa). (From Mossman and u es. 


hours prior to ovulation, it was noted only 28% of the time in 
in which ovarian palpation was performed at 24-hour intervals ( 

The time of o\'u!alion is closely related to the cessation 
majority of mares are out of heat within 48 hours after ovulation ( 

In one study involving 353 ovulations, 45.9% occurred the da> e 
the end of estrus while 32.0% occurred 48 hours prior to the en 
During the normal breeding season, the cessation of sexual 
after an estrus of normal length, usually indicates that 
occurred. Ovulatory failure during the breeding season (physio 
appears to be rare in that only one case of ovulatory failure could be 
mented in one series of approximately 300 estrous periods (unpub is c 
A high incidence of multiple ovulation has been observ’ed 
including reports of 25% (56) and 14.5% (7/), although 
reported in one study (7). Most of the multiple ovulations occur 
fairly short time interval. In one study of 83 multiple ovulations " 
were recorded during estrus, 62 (75% ) occurred within 24 hours a ^ 
75 (90% ) occurred within an interv’a! of 48 hours (55). The occurre 
of multiple ovulation is rare in pony mares (42 ) . f the 

Follicles are occasionally ovulated during the luteal phase o 
cycle (54, 86). While the incidence of luteal phase ovulation is not 
cisely known, it probably occurs in about 5% of the estrous 
interval from the initial ovulation to the luteal phase ovulation mav 
short as 2 and as long as 12 daj’s (,36. 41). The follicle 
which leads to ovulation during the luteal phase of the cycle is not a^^ 
panied by cervical changes or manifestations of estrus. The fern ' > 
luteal phase ovulations is not known. 
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DAYS BEFORE!-) AND AFTER {+) 

CESSATION OF HEAT (0) 

Flo. 4. The relationship of (he time of ovulation and the end of the sexual re- 
ceptivity. The numbers (in parentheses) on the vertical bars Indicate the number 
of observations. 

The gonadotropin patterns associated with the estrous cycle of the mare 
are considerably difTerent as compared to other mammalian species. In most 
mammals studied to dale a siiort-Iived surge of gonadotropins occurs 12- 
24 hours prior to ovulation (see Chapter 2). The mare, in comparison, 
has a prolonged rise and decline of LH which occurs over a period of 
about 10 days (47, 69, 72, 104) (Fig. 2). The rise in LH begins several 
days before ovulation and continues for several days poslovulation. 

LH may be sensitive to progesterone feedback control in that it docs 
not begin to rise until after the regression of the corpus lutcuni is complete 
(S6). However, high circulating progesterone levels do not constitute an 
effective negative feedback control mchanism once LH release has begun. 
One explanation for the extended LH rise in the marc is that the release 
pattern of gonadotropins may be prolonged over several days versus a 
rapid release over a period of hours in other species. Another explanation 
for the prolonged LH rise is that equine LH has a longer half-life than re- 
ported for most species {44). 

Tlic p.Tttcrn of FSH during the csirous cycle of the marc is shown in 
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Fig. 2; two peaks were noted during the cycle, one during late estrus/ 
early diestrus and one at mid-diestrus {37). FSH and LH followed similar 
patterns during estrus and early diestrus. The increased FSH leve s o 
served during late estrus/early diestrus coincide with follicular grow 
that often occurs immediately after estrus (55, 75, 1 00) . 

3. Luteal Function 

Initial significant luteal activity, i.e., the production of progesterone, 
begins about 24 hours after ovulation {87, 100) (Fig, 2). Peak functiona^ 
activity is reached about 6 days postovulation. There is good 
that the corpus luteum life span of the mare lasts approximately 1 
( 66 , 100 ). . 

Termination of luteal function is abrupt with regression occurring o\ 
a period approximately 30 hours (H. Kindahl, personnal communication ■ 
A significant rise in a metabolite of POF^a noted in conjunction with 
regression (Fig. 5) suggests that prostaglandins are important for 
termination of luteal function in the nonpregnant mare. 

Uterine control of cyclic luteal activity in the nonpregnant , 
been demonstrated by hysterectomy {43, 89). Removal of the uterus^ ur 
ing the luteal phase of the cycle results in the persistence of luteal activi y- 
The precise length of luteal function in the hysterectomized mare has es 
difficult to determine because luteal phase ovulations occur also in t ® 



DAY OF ESTROUS CYCLE 

Fig 5. The relationship of luteal regression in ihc mare as indicated by 

teronc concentralion (• •) and the release of PGFs. (O O) jaj 

by changes in ils mam metabolite. l5-kcto-13,l4-dih>dro-PGFi-. Day I is ibc irs 
of sexual receptivity (57n). 
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Fig, 6. Progestin levels in the plasma of a mare during the estrous cycle before 
hysterectomy and following hysterectomy on day 4 after ovulation during the next 
cycle. Horizontal bars indicate the period of sexual receptivity. Vertical arrows indi- 
cate the occurrence of ovulation. (From Stabenfeldt et a!., 89.) 

mares. One mare that did not have additional ovulations had significant 
luteal activity for approximately 2 months following hysterectomy on the 
4th day of the luteal phase of the cycle (Fig. 6). 

The corpus luteum of the mare is palpable for an average of 8.9 days 
postovulation (55). Following ovulation, the follicular area usually fills 
with blood by 10-12 hours postovulation with redistension sometimes 
occurring to the follicles’ preovulatory size. This structure is sometimes 
indistinguishable from the original follicle, although most postovulatory 
structures develop a spongy to rubbery consistency. The consistency later 
becomes firmer in texture (see Fig. 7 for a cross-sectional view of the 
corpus luteum). 


C. TUBULAR GENITALIA 
1. Uterus 

The uterus of the mare is somewhat T-shaped due to the fact that the 
ovaries are suspended in a lateral position in the upper part of the pos- 
terior abdominal cavity. Biometric changes of the reproductive system 
have been reported { 102 ). 

The response of the uterus to gonadal hormones differs in the marc 
and cow. Tlic uterus of the marc has only slight tone and tubularity dur- 
ing estrus as contrasted to the distinct tubularity found in the cow. Within 
2 or 3 days after ovulation, tone and tubularity increase, but not to the 
extent of the response of the bovine uterus during estrus, and is variably 
maintained in this state until regression of the corpus luteum begins. Tlic 
well-defined increase in tone and tubularity at 21 days posibrccding is 
sometimes used as a presumptive diagnosis for pregnancy (97). 




Fio. 7. A cross-sectional view of the ovary of a mare 2 days after a o 
ovulation. Note the wedge-shaped corpora luiea at the left extremity and mid f 
the ovary with the constricted portion directed toward the ovulation fossa. A 
follicle in cross section is on the right extremity. 


2. Cervix 

The cervix of the mare is very resportsive to estrogen secretion dunng 
the time of sexual receptivity. The cervix is relatively short and firm 
ing diestrus with the folds of the external os being svelWefined. At 
beginning of estrus the cervix begins to relax slightly and the folds of t 
external os become edematous and less well-defined. The folds conti^® 
to enlarge and the cervix is soft and relaxed until the end of estrus. 1 
external os becomes hard and budlike in appearance and the cerv/x 
comes firm and narrow by the 17lh day of gestation (.83). 

Visual examination of the external os of the cervix is often done in con^ 
junction with rectal palpation of the cervix and ovaries for the purpose 
predicting the time of ovulation (54), 


D. ESTRUS 

1. Duration 

The duration of estrus in the mare during the physiological breeding 
season has been reported as averaging 6 days with a range of 2 to H days 




15. REPRODUCTION IN HORSES 411 


(6S). Trum (96) reported 61% of approximately 1500 estrous periods 
were 4-6 days in length. This agrees with a more recent study involving 
293 estrous periods in which the average period for sexual receptivity was 
5.7 days (SS). 

Periods of sexual receptivity can be very irregular in length and timing 
at the beginning of the breeding season. Once ovulation has occurred, the 
duration of estrus becomes more regular. The estrus associated with the 
first ovulation of the season is often longer than subsequent estrous 
periods. An ovum ovulated after a prolonged period of estrus is just as 
viable as one ovulated after a 5- to 6-day estrus. The duration of estrus 
tends to become progressively shorter during the first 2 or 3 months of 
ovarian cyclicity (55). 

The onset of sexual receptivity in the mare can occur over a period of 
several days with a gradual increase in intensity (7). This is in contrast 
to the cow, sow, and ewe in which full manifestations of estrus are 
achieved within a matter of hours. The termination of estrus is more 
abrupt, with the secretion of significant amounts of progesterone by the 
developing corpus luteum, 24 hours postovulation being the critical de- 
termining factor (Fig. 2). 

2. Psychic Manifestations 

While mares do not exhibit the homosexual tendencies seen in the cow 
during estrus, they often seek contact with other mares and geldings. Mares 
in estrus show certain typical behavioral attitudes when exposed to a stal- 
lion, or even other mares or geldings (8). Typically, the mare assumes a 
urinary stance in which the hind legs are flexed and the tail is raised. 
Small amounts of urine are often expelled and the clitoris is exposed in a 
rhythmic fashion. The staining of the vulvar lips and the posterior part of 
the hind legs with urine and its salts through the release of small amounts 
of urine at close intervals suggests that a mare is in estrus. 

Mares will occasionally fail to manifest estrus (Fig. 8) in conjuction 
with normal follicle development and ovulation (7. 55). These mares 
should conceive if inseminated at the proper time. 

3. Abnormal Sexual Behavior 

Marcs have been reported to show stallionlikc behavior and actively 
tease other marcs. These mares exhibit some of the features of the stallion, 
including the typical arching of the neck, vocal sounds, and eversion of the 
upper lip during the teasing process. The basic cause for this type of ab- 
normal behavior is not known in all cases, but it has been observed in 
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conjunction with the occurrence of granulosa cell tumors. These tumors 
often produce androgenic hormones that may be responsible for the male- 
like behavior (unpubiished) (91). Other mares with granulosa cell tumors 
may be anestrus. 


E UTERO-OVARIAN RELATIONSHIPS 
1. Intrauterine Infusion 

It is now apparent that intrauterine saline infusion produces estrus 
through the premature regression of the corpus luteum. It has also been 
shown that the corpus luteum must be of a certain maturity (4 days of age) 
for luteolysis to be initiated (6t5) (Fig. 9). This degree of maturity which 
is required is apparently due to the developing corpus luteum being re- 
fractory to the effects of a luteolysin and is not the result of the uterus 
failing to release a luteolysin. Allen and Rowson (5) have shown the newly 
developing corpus iuteum to be unresponsive to an analog of PGF.o, a 





Fig. 9. The cfTcct of intraulcrine saline infusion on corpus luteum life span (ns 
indicated by plasma progestin levels) on the 4th or 5th day postovulation. The num- 
bers in parenthcs« represent the numbers of animals. The numbers at the base of 
the graph represent an adjusted 21-day cycle length with day zero as the day of 
ovulation. (From Neely rt n/., 66.) 
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known luteolytic drug. The mechanism involved in induction of luteal re- 
gression by saline infusion is unknown, but it is likely to be through t e 
premature release of a lutcolysin from the uterus. Progesterone anaij'ses 
done in conjuction with saline infusion have shown that regression begins 
within 24 hours after infusion (66). , 

The intrauterine infusion of stallion semen during diestrus is followe 
by estrus within a few days, apparently due to the termination of lutea 
function (23). These authors suggested the presence of PGF..n in stalhon 
semen may be important for this effect. 


2. Spontaneous Prolongation of Luteal Function 

Spontaneous prolongation of luteal function has been reported in 
that are free of uterine anomalies and infection (4, 54, 88) (Fig- 8). 
average duration of persistence of the luteal phase is 2 months. Fol ic 
development often continues during the persistent luteal phase wit o 
causing estrus. Ovulation is occasionally observed during these per"o 
Luteal function is finally terminated abruptly and cyclic ovarian activity i 
then resumed. This syndrome may be initiated by inadequate lutco ysin 
release at 13 or 14 days postovulation. The reason for this deficit is no 
known, although it may be due to a failure of endometrial cells to synt e 
size and/or release adequate amounts of luteolysin at the proper tune. 
Earlier reports of prolonged diestrus were probably caused by the pr®" 
longation of luteal activity (7, 34). 

Persistence of the corpus luleum constitutes a very important reprod 
tive problem in the breeding of marcs as it decreases the number 
posures a mare can have to a stallion within the breeding season, 
failure of a mare to return to estrus if not bred, following a nonfe i 
mating or a fertile mating with early embryonic loss, is a prime reason o 
suspecting the presence of a persistent corpus luteum. Blood levels of 
gesterone will confirm the diagnosis. 

Mares with persistent corpora lutea often do not respond to the 
uterine infusion of saline (unpublished), which suggests that the syndrome 
is caused by uterine malfunction, i.e., a failure to release a iuleolysm 
response to saline infusion. The persistent corpus luteum is responsive 
systemically administered prostaglandins (.4). 


3. Uterine Infection 

An acute inflammatory response of the uterus during the lutea! phase 
the cycle can result in the shortening of the cycle through the initiation 
premature regression of the corpus luteum (56). Whether this response 
mediated through the release of uterine luteolysin is not known. 
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Chronic infections leading to endometrial destruction in the mare can 
result in the prolongation of the estrous cycle [ 16 ). Continual luteal func- 
tion for 20 months has been observed in a mare with extensive destruction 
of the uterine endometrium (unpublished). In all cases observed by the 
authors, the prolongation of the estrous cycle was caused by a failure of 
the corpus luteum to regress at the normal time. The mechanism of action 
appears to be failure of adequate luteolysin release in that there appears to 
be a quantitative relationship between the amount of endometrial tissue 
present and the capability for luteolysin synthesis and release (unpublished). 


111. Pregnancy 

A. RECOGNITION OF PREGNANCY 

In many mammals the oviduet distinguishes fertilized from unfertilized 
ova. Several researchers have shown that only fertilized horse eggs reach 
the uterus with unfertilized ones retained in the oviducts [ 18 , 90 , 98 ), 

B. ENDOMETRIAL CUPS 

The reader is referred to Chapter 12 for a discussion of the formation 
of cups. Their formation is unique to the Equidae, and is unusual in that 
cells from the fetal placenta detach themselves, invade the endometrium, 
and establish isolated endocrine organs of temporary function [ 3 , 29 ). 

A number of factors have been found to govern the production of 
PMSG: size, parity, number of fetuses present, and genotype of the fetus. 
However, almost certainly other agents also influence PMSG levels in 
blood. Higher PMSG levels were noted in serum of ponies as compared to 
larger breeds of horses (25). While age does not influence PMSG pro- 
duction, parity is a factor. A reduction in PMSG concentration in suc- 
cessive pregnancies was noted in Shetland ponies [ 79 ) but not in thorough- 
breds (/). Higher levels of PMSG were found in the serum of marcs 
carrying twin fetuses if they were in opposite horns of the uterus and each 
with a set of endometrial cups (7P). A mare carrying a mule fetus has a 
much lower concentration of the hormone than if she were carrying a 
horse fetus, convincing proof that fetal genotype influences PMSG pro- 
duction (27). 

The endometrial cups have some autonomy of function concerning PMSG 
synthesis in that secretion continues even if the fetus is surgically removed 
(/ ), or dies [ 63 ). Thus it is possible to have a positive diagnosis of preg- 
nancy in the absence of a viable fetus when immunological or biological 
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tests for pregnancy (PMSG) are used. If the corpus luteum 
with prostaglandins in nonpregnant mares with actively secreting en 
metrial cups { 2 . 4 ), the mare frequently fails to return to estrus m spn 
of high circulating levels of PMSG. 


C. MAINTENANCE OF PREGNANCY 

1. Primary and Secondary Corpora Lutea 

It has been shown by van Rensburg and van Niekerk ( 100 ) 
and Ginther (Si), through endocrine analysis and structural studies, ^ 
the primary corpus luteum of pregnancy (corpus luteum formed fol owm 
the ovulation involved with fertilization) does not regress around the ^ 
day of gestation, as often reported, but is active for at least the rs 
months of gestation, and regresses In conjunction with secondary corpo 
luteaduring the 5th~6th month of gestation (5/, (Fig. 10). 

Secondary corpora lutea are formed during pregnancy usually 
the 40th and 60th day of gestation ( 31 . 48 ). Secondary corpora lutea a 


AMOUNT OF 
HORMONE 
OR 

SIZE OF 
GONADS 



DAYS OF GESTATION 


Fic. to. The endocrinology of pregnancy in the marc. The progestin (P) ^ 

( ) and PMSG values (0—0) are from Holtan el al. i^S). The ^ 

(E) salucs (• •) are from Nett et al. (67). FG. feta! gonads (A^ ^ 

Cups, endometrial cups; I® CL, primary corpus luteum: 2* CL, secondary corp® 
lutea. 
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apparently formed by either ovulation (32% ) or luteinization of follicles 
(68%) {84). 

2. Placenta 

Placental production of progesterone probably begins in a gradual man- 
ner during the first trimester of pregnancy and becomes the primary source 
of progesterone production by the time all corpora lutea have regressed 
{85). Ovariectomy at 200 days of gestation has shown that the ovaries 
were not essential for pregnancy after this time {47). Although progester- 
one levels decline in the maternal peripheral plasma by midpregnancy, 
levels remain high within the feto-placental unit {SJ). A slight rise in 
peripheral levels of progesterone occurs during the last 30 days prepartum 
(48) (Fig. 10). 

There is a definite rise and fall in estrogens at 37 to 38 days of gestation 
(E. Palmer, personal communication). Estrogen secretion later in preg- 
nancy is probably a function of the placenta because estrogen levels rise at 
90 days of gestation after ovarian follicular activity has subsided (57). In 
addition, ovariectomy at day 200 of gestation did not affect the urinary 
excretion of estrogens (47). In contrast to most mammalian species, estro- 
gen levels gradually decline from the peak reached at day 210 of pregnancy 
until parturition (59, 57). 

The pregnant mare is unique in that she excretes two estrogens having 
unsaturated B rings, namely, equilin and equilenin (45). The synthesis of 
these estrogens is interesting because the pathway does not involve choles- 
terol as an intermediate (79). 

D. FETAL GONADS 

The fetal gonads of the horse (testicular or ovarian) become greatly 
enlarged during the latter part of gestation. The enlargement involves a 
proliferation of interstitial cells (45) with maximum size reached at the 
6th-8th month of pregnancy. The gonads then diminish to about one-fifth 
this size at term (30). The causal factors associated with the enlargement 
of the fetal gonads have not been identified. 


IV. Parturition 

A. SIGNS 

The mammary glands start to fill 3—4 weeks before parturition. Small 
amounts of colostrum escape through the teat orifices about 2 days before 
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foaling, resulting in the formation of a waxy material on the . 

teats (waxing). Other signs of impending partuntmn include 
ment of vulvar edema, relaxation of the sacrosciatic hgaments s 
the overlying muscles undulate when the mare moves, sweating, 
ness, pawing, switching the tail, and intermittant lying * ^p, 

These signs are all indicative that delivery is imminent (9). ^ 

pears to be able to exert some control over the time of day t a 
takes place as most foals are born during the night (77). 


B. DELIVERY 

The actual time of delivery in the mare is very short, often 
within 10 or 15 minutes once the fetus enters the birth canal. ® 
is able to generate considerable pressure on the foal through a ° 
press (voluntary contraction of abdominal muScles with a close ep 
tis). The foal is presented through the vulva with one leg slightly 
the other. This presentation reduces the size of the shoulder circum ^ 
and thus facilitates delivery. The foal is often delivered while sti 
the amnionic membranes. -ntact at 

The umbilical cord of the fetus is long and most often still i 
birth. Most mares are recumbent at delivery and the foal and mar 
often remain connected by the umbilical cord for 5 or 10 minu es 
foaling. This relationship is important in that the foal can receive ^ 
siderable amount of blood from the fetal placenta as the uterus co 
(75). When manual delivery of a foal is being attempted, it is 
to avoid rupturing the umbilical cord as the foal is pulled from t e 
canal. 


C. HORMONAL EVENTS 

The mare does not have a withdrawal of progesterone prior *°^^**' ^ 
but delivers in the presence of high progesterone levels ( 59 ). 
levels are maintained through the time of delivery and then decline 
rapidly as would be expected since the placenta (or feto-placenta 
is the most likely source of estrogen synthesis. -pr 

The mare’s peripheral blood levels of corticosteroids do not 
lo the deliver^' process except for a rise at delivery which is probably 
induced. A significant rise in corticoids has been observed 15 days 
partum (59). The reason for this rise is not apparent but it may be a 
ciated with lactation. 
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D. INDUCTION OF PARTURITION 

1. Glucocorticoids 

Aim, Sullivan, and First ( 6 ) successfully induced premature delivery 
with exogenous dexamethasone. Pregnant mares delivered prematurely 
(328 versus 340 days for controls) when given 100 mg on each of days 
321 through 324 of gestation. Although the foals were slightly weaker 
when delivered prematurely with dexamethasone, all survived and grew at 
a normal rate. Milk production in the mares appeared to be normal. Pla- 
centas were not retained in any of the treated mares, but the levels of 
corticosteroids necessary for induction in the mare were higher than for 
other large domestic species. 

2. Oxytocin 

Oxytocin has been used to induce parturition in mares, particularly dur- 
ing the last few days of gestation ( 26 , 76). Delivery occurs on an average 
of 35 minutes after the administration of 40 units of oxytocin (unpub- 
lished). Mares induced with oxytocin should be at term and have formed 
colostrum prior to induction, as there is little evidence that oxytocin alone 
will initiate lactation. 


V. Postpartum Period 

A. PLACENTAL RELEASE AND UTERINE INVOLUTION 

Placental release usually occurs within ){. to 1 hour after delivery. Re- 
tention of the placenta in the marc may be serious because it is frequently 
associated with infection of the uterus and laminilis. Normally after ex- 
pulsion the placenta is inspected for any pathological lesions and to ascer- 
tain whether it has been passed in its entirety. 

The diffuse epitheliochorial type of placentation of the marc allows in- 
volution of the uterus to proceed rapidly in the postpartum period. 

B. FOAL HEAT 

Follicles begin to develop soon after parturition with mares manifesting 
cstrus and ovulation approximately 10-13 da>s after foaling (foal heat) 
(7). There is considerable pressure on stud managers to breed manrs at 
the foal heat because of the dating age of foals and the 340-day gestation 
period of the mare. Mares, as a general rule, should only be bred at foal 
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heat it delivery, including the release and appearance of the placenta, i 
normal. 


VI. Reproductive Physiology of the Stallion 


A. MALE REPRODUCTIVE SYSTEM 


1. Testes 

The tcsles arc oval in shape (7.5-12.5 cm long X „ axis 

X 5 cm wide) with a slight compression from side to side, ine h 
of the unrctracted testicle is almost horizontal with the head o 
didymis in an anterior position, the body dorsal to the testis, an 

in a posterior position (77). . u i w nH levels of 

The testes produce androgens and estrogens. Peripheral oio 
testosterone, presumably produced by the Leydig cells, has been ^ 

to average 1.9 ng/m! of plasma in one study (/5), and 0. - • 
in another (53). Co'plorchid testes continue to secrete ^rtcd 

Equine testes appear to secrete estrogens, as high levels liave been t 
in testicular tissue (61. 106). The source of estrogen synthesis wun 
testis, reputed to be the Sertoli cell, remains unknown. ^ nalnal’^*^ 

Males arc occasionally encountered that have neither visible 
testes. Animals with testicular tissue within the abdominal cavit) ^ 
to preparations with LH activity (HCG) by a rise in testosterone 
tralion within 30 minutes after administration. Geldings (castrate 
can be identified because they do not respond to UCG administration 


2. Accessory Sox Organs 
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pulla The secretion ot the seminal vesicles, gelatinous in texture, has a 
high concentration ot citric and lactic acids {61, 103) 

The prostate, a lobulated structure situated on the floor of the pelvis 
above the neck of the bladder, can with some difficulty be palpated per 
rectum It is about 5 cm long and 2 5 cm wide The paired bulbourethral 
glands (Cowper’s glands) can be found near the ischial arch 
An assessment of the functional state of organs such as the prostate, 
seminal vesicles, and epididymides can be done through the chemical de- 
termination of such substances as glycerylphosphorylcholme, citric acid, 
inositol, and ergothioneine in the ejaculated semen, or in the secretion of 
the accessory glands directly The reader is advised to review the work of 
Mann {61) and White and MacLeod {103) for detailed information on 
the composition and biochemistry of semen 


B REPRODUCTIVE ACTIVITY 

Although sexual activity may be influenced to some extent bj the season 
of the year, stallions will breed at any time of the year The stallion should 
have a general physical examination for breeding soundness prior to the 
breeding season and should be observed in the presence of a mare 
m estrus for premounting libido, erection of the penis, positioning for 
mounting the mare, mounting, exploratory movements with the penis for 
the vulva, copulatory movements, 'flagging" (rhythymic contractions of 
the tail accompanying ejaculation), and ejaculation, relaxation of the penis, 
dismounting, and shrinkage ot the glans (22) The main abnormalities that 
may be found arc lack of libido, failure of erection, or failure of ejaculation, 
the presence ot pain in connection with the breeding process is also ot 
clinical importance 

Although conditioned stallions often become aroused with the first prepa- 
ratory movements to bring them out ot the stall, sexual excitement usually 
begins when the stallion first sees the marc Complete erection should be 
attained prior to allowing the stallion to mount the mare Erection time 
has been reported to range from 119 to 163 seconds and time for the 
mounting reflex from 101 to 206 seconds {105) Pressure within the 
corpus cavernosum penis was found to be 13 mm Hg during relaxation of 
the penis with an increase to 107 mm Hg upon first arousal, and finally 
to 6530 mm Hg during coitus {10) 

Inlromission is usually adiicicd following several copulatory mmenicnts 
This IS following by ejaculation in ,ibout 13 seconds (105) An ,i\craqc of 
1 4 mournings per cjaciil ition w is obsersed with natiir il mating while 2 2 
niountinq, per cjaciilalion were rtquircd when an ariificnl vagina was used 
to collect semen (2/, 105) 
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The ejaculation pattern has been demonstrated ^ ^ ‘“^ce 

Tischner, Kosiniak, and Bielanski (95). Em.ss.on 

of seven (5-11) intravaginal thrusts in the form of 8 <5 ^ „,ere 

The first three jets contained 80% of the ejaculated sp u„der 

emitted under high pressure. The subsequent jets r 
lower pressure, and declining erection as the penis was withd 

C. SPERMATOGENESIS 

Sexually mature stallions have ivelMefined associations ean 

cells which succeed one another in a cyclic pattern (M, 
duration of one cycle of the seminiferous epithelium is 12. 1 ^ 

The duration of the entire process of spermatogenesis ex e ^ 

consecutive cycles of the seminiferous epithelium and thus i 
duration (93). Epididymal transit time is approximately 5 ) 

stallion and thus the time required to develop spermatozoa 
of ejaculation is 54 days (93). This is an important consideratio 
semen evaluation results are poor and a reevaluation “ passage 

Spermatozoa from the testes undergo maturation dunng farther 

through the epididymis. The spermatozoa of some species unu g 
physiological change during transit within the female auestio*' 

before the capability to fertilize (“capacilation”) is achieved. 4 
as to the necessity for capacitation of stallion spermatozoa re 

answered. , ,„,»rmato 2 oa 

The presence of large numbers (12,000/ml) of immature p ^ 
(primary and secondary spermatocytes and spermatids) has 
in the semen of some mature stallions (92 ). It has been suggeste 
testicular degenerative lesions arc responsible for the presence o » 
germ cells in the semen. The cause of the lesion is unknown, u ^gj^gra- 
possibililies include (1) local bacterial infection, (2) thermal 
tion, (3) nutritional deficiencies, and (4) chemicals, their 

radiation. Although stallions affected w'ith this syndrome are fe > 
fertility rate may be low’er than normal (92). 


D. SEMEN EVALUATION ^ 

There is no single test of semen which can serve as an absolute 
of fertility for the stallion. Table 1 presents some semen .ghjon. 

which arc usually determined in assessing the potential fertility o a ^ 2 ) 
Most fertile stallions have (1) sperm in average to high 
semen with a high percentage of sperm with progressive motilii), ( 
with a low proportion of dead sperm, (4) sperm with a low pr 
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TABLE I 

Semen Values for Fertile Stallions* 



Average 

Range 

I. Volume (ml) 



Total 

70 

30-300 

Gel-free 

58 

45-76 

Gel 

27 

0-200+ 

2. Concentration (millions/ml) 

120 

30-S0O 

Gel- free 

282 

222-321 

3. Total sperm (billions) 

8.4 

4-20+ 

4. Percentage progressively motile 

73 

60-95+ 

5. Percentage morphologically normal 

IS 

65-94 

6. pH 

7.4 

6. 8-7. 8 


“ From references {18, 22, 77, lOS). 


of abnormal forms (primary <10% and secondary <30%), and (5) a 
survival time over 24 hours when diluted with a 7% glucose extender and 
held at 0° to +4®C {17, 21, 22, 57). In one study, the concentration of 
semen, volume of semen, percentage spermatozoa morphologically normal, 
and the initial progressive motility after washing and extending the semen 
were the factors which best explained the variation in the number of mares 
bred and diagnosed pregnant by any one stallion (57). 

Evaluation of stallion semen must take into consideration season of the 
year, age, breed, condition, sexual activity, and state of health of the 
animal. The initial examination of a stallion should be conducted after a 
week of sexual rest. The condom and the artificial vagina are the two most 
common methods used for semen collection (68. 73, 77). The ejaculates 
vary in color from milky-white to watery-gray while the consistency is 
usually gelatinous. The stallion is usually collected twice at a I-hour in- 
terval. While the volume of the two ejaculates should be approximately 
equal, the second ejaculate usually contains about one-half of the number 
of spermatozoa found in the first (74). The gcl is removed by a filter 
before evaluation of the remaining portion of the sample. 

Sperm production is influenced by the season of llte year, size of the 
testicle, frequency of ejaculation, and the age of the animal (22, 57, 61, 
6S, 74). Total sperm numbers in the fall and winter arc approximately 
one-half the number found in the spring and early summer (74). Frequency 
of semen collection, while not affecting seminal volume, can affect sperm 
numbers (22). Stallions collected once per week or every other day had 
approximately the same number of spermatozoa per volume, but when they 
were collected six times per week the sperm numbers dropped significantly 
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(74). Daily collection for 6 days is required to deplete 
reserves. The number of spermatozoa obtained on the 
daily collection should approximate the daily sperm output ( J- 
with small testes will not have the sperm-producing potential 

stallions with larger testes (74). ...... „»„itai tracts 

Many stallions with normal fertility harbor bacteria in their g 
without producing recognizable disease (49). These stallions , 

tential source of bacterial contamination to susceptible m^re . 
certain strains of bacteria may affect sperm survival or cause , (,y 

ment of infection and thus affect fertility, most mares are unatteci 
the bacteria to which they are exposed when bred. A stallion s 
considered unlit for breeding only because bacteria are cultureu 
semen or urethra (5i). 


E. ARTIFICIAL INSEMINATION 

Artificial insemination (AI) for domestic animals was first 
fully in the mare (25). Although Al is a simple procedure, it still na 
limited use in most parts of the world. Al in the mare is . jjjg 

commonly in China, Russia, and Japan (25). It is used most ® ® 

United States on Standardbreds, Quarter horses, and some .gj in 

Artificial insemination of mares with raw semen, or semen ex e 
skim milk or cream gelatin diluters at the correct time during 
result in conception rates that are as good as obtained in natura t 
(25, 52, 74). A number of reports have appeared since 1956 on 
cessful freezing of stallion semen in pellets or vinyl straws wit s 
carried out in liquid nitrogen ( — 196®C) (55, 62, 68, 101). 


VIL Genetic Aspects of Reproduction 

A. NORMAL CHROMOSOME COMPLEMENT 

Excellent karyograms have been obtained by using lymphocytes 
have been purified by density gradient procedures before culturing 
Cells undergoing division are then arrested, swollen by hypotonic 
tions, fixed, and stained prior to being arranged in pairs 
morphological features. The normal chromosome complement of t e 
is 64, the donkey 62, and the mule and hinny 63 (/2). 

B. EQUINE HYBRIDS 

The most common equine hybrid is the mule (donkey male X 
female). The reciprocal cross is called a hinny (horse male X ^ 
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male). Zebras can also be crossed with horses or donkeys to produce 
hybrids. Hybrid o0spring have chromosome numbers intermediate between 
those of their two parents (72, S2). The sterility of male hybrids is due 
to a block in spermatogenesis during meiosis because maternal and paternal 
chromosomes are dissimilar in size and number, making true pairing im- 
possible. Thus while the testes of male hybrids appear to secrete testos- 
terone, they do not form spermatozoa (S2). Female mules have been 
observed to come into estrus and ovulate on a somewhat irregular basis 
(20). Whether these ovulations are ever fertile is highly speculative (72, 
73, 20, S2). Chromosomes of an alleged mule who foaled were like those 
of a donkey, in spite of some mulelike characteristics of the animal (73). 

C. CHROMOSOMAL ERRORS 

1. Gonadal Dysgenesis (Turner’s Syndrome) 

This condition has been recognized in mares in which small, inactive 
ovaries are present (Fig. 11). The ovaries lack germ cells and consist pri- 



Fiq 11. Small, firm, and maclivc ovaries from a marc with a chromosome 
karyot>pe of 63,XO showing absence of follicular dc\e!opmenl The cut surface 
on the left exposes a band of pigment containing cells (From Hughes cl a!, SO) 
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Fig. 12. Karyotype of chTomosome^ from a dividing lymphocylt from a mart 
showing 63,XO A spread of chromosomes is shown at the top of Jhf 
the cut-out chromosomes arc arranged in pairs cut from a photographic print at 1 
bottom. A single X chromosome is shown in the lower richt-hand comer. (Courtrt. 
Trommenshauscn-Smilh and Hughes.) 
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marily of undificrentiated ovarian stroma. The tubular genitalia are small. 
Karyotypes of the mares are mainly 63,XO (Fig. 12) with occasional 
mosaics of 64,XX/63,XO reported (50, 51). An infertile mare with a 
chromosome count of 63 due to an apparent lack of an autosomc has been 
reported in which follicular development and ovulation occurred (50, 57). 


2. Intersexuality 

Intersex animals are those that possess anatomical characteristics of both 
sexes. These are divided into three main classes: “true” hermaphrodites, 
male pscudohermaphrodites, and female pseudohermaphrodites. True her- 
maphrodites, i.e., animals having both ovarian and testicular tissue, are 
very rare in horses. 

Pseudohermaphrodites have the gonads of one sex, but the external 
genitalia and other characteristics resemble those of the opposite sex. 
The male pseudohermaphrodite is the most common intersex in horses and 
characteristically has hypoplastic testicles within the abdominal cavity or 
inguinal canal, a penislike clitoris emerging from a rudimentary vulva, 
and exhibits male libido (24, 40). 

The karyotype of most male pscudohermaphrodites is that of the normal 
female (2/i = 64,XX) (24, 55). Several other karyotypes have been 
described having the following chromosome patterns; 64,XX/64,Xy; 
66,XXXY; 64,XX/65,XXY; 64,XX/64,XY/65,XXY. The 66,XXXY and 
the 64,XX/65,XXY chromosome patterns resemble some of the karyo- 
types noted for Klinefelter’s syndrome in man (24, 35). 
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n. Cycles in Reproduction 

A. THE LIFE CYCLE 

There are four major periods in Ihc life cycle, namely, fetal, prepubertal, 
reproductive, and senescent. Reproductive efficiency reaches a pea ' car > 
in the reproductive period, remains high for several years, and ec me 
thereafter. 

1. The Fetal Period 

The origin, migration, and differentiation of the primordial germ cel 
are discussed in Chapter 7 and the details of their development 
found in the following references (23. 24. 51, 67). The chronologica 
velopment of the genital organs in the bovine fetus is shown in Table I. 

TABLE I 

Sexual Differentiation of the Calf Fetus* _ 


Age Crown-rump 

(days) length (mm) Males Females 


39^ 


Early testicular organogenesis 

UndifTerentiated gonadal 




pnmordium 

42-43 

24-26 

Definite albuginea 


45 

29 

Testicular interstitial cells 


47 

32 

First flexure of penile urethra 

Beginning of prolonged j 

thickening of the 

48-49 

34-36 

Anogeiutal distance definitely 



increased 




ovarian layers 



Crowing Mullenan ducts in both sexes 

50-52 

38-42 

Upper Mutlenan ducts: reduction 




in diameter 


56 

53 

Prostatic buds and seminal vesi- 
cles appear 

Male urogenital connections 

Uterus increases m diameter 

58-60 

59-66 

Mullerian ducts: antenor part 
disappears 

Penis opens under the umbilicus 
Balanopreputiai fold in organiza- 




tion 


70 

115 

Scrotum develops 

Mullerian ducts absent or 

Retrogression of Wolflimi d 



regressing 

Formation of epididymis 

begins 


75 


First premeiotic figures 
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2. The Prepubertal Period 

At birth, the primary oocytes, some 75 to 160 (X 10’), are arranged 
around the periphery of the ovary { 24 , 46 ). Tertiary follicles with antra 
appear late in fetal life ( 66 ) and their number increases after birth, reach- 
ing a maximum at the end of the second month { 24 ). Prior to puberty the 
ovaries, despite the presence of follicles with antra, are small, and the onset 
of ovulatory cyclic activity is a gradual process preceded by anovulatory 
and otherwise incomplete cycles. Thus luteinizing hormone (LH) is de- 
tectable in blood plasma at normal adult basal levels (0.5 to 2.0 ng/ml) 
from birth, with peaks up to 30 ng/ml detectable as early as 6 weeks (S5), 
and continuing to puberty at 41 to 60 weeks. Although of normal post- 
pubertal magnitude, these LH peaks do not induce ovulation. When such 
ovulations are induced, corpora lutea develop normally but in many in- 
stances they persist, indicating that the prepubertal tract may lack the 
ability to initiate leutolysis (93). 

In the bull calf, the approach of puberty and the production of viable 
spermatozoa are associated with the size of the testicles, for which there 
are three distinct phases of growth (5) characterized by a progressive 
development of the spermatogenic cycle (Table II). These changes are not 
associated with any dramatic changes in pituitary LH output, but there is a 
relationship with androgen { 60 ). 

3. Puberty 

Puberty in the heifer is a much more dramatic event than in the bull. 
There is a great increase in ovarian size, due to the secretion of liquor 

TABLE II 

Development of spemialogenlc Aclivily in the Bull Calf 


Phase of 

testicular Live weight 

growth (kg) Types of cell present in sex cords 


1 30-100 Supporting cells Gonocytes 

I i 

2 100-300 Supporting cells Spermatogonia 

i 

Spermatocytes 

i 

Spermatids 

i 

3 300-800 Sisrtoli cells Spermatozoa 


' From reftrence (.72). 
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1> Introducllon 

Asdell has summanzed the basic data concerning reproductive phenom- 
ena m cattle (4) Most domesticated breeds of cattle breed all the year 
^‘ound but there is a seasonality of breeding cflicicncy As with other mam- 
hials, three cycles are involved m the processes of reproduction of each 
sex, namely, the 1/fe cycle, the annual breeding cycle and, in the [cmalc 
he estrous cycle and, in the male the spermatogenic cycle 
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II. Cycles In Reproduction 

A. THE LIFE CYCLE 

There are four major periods in the life cycle, namely, fetal, prepubertal, 
reproductive, and senescent. Reproductive cfiicicncy reaches a pea ' car y 
in the reproductive period, remains high for several years, and dee mes 
thereafter. 

1. The Fetal Period 

The origin, migration, and differentiation of the primordial germ cells 
are discussed in Chapter 7 and the details of their development 
found in the following references (23, 24, 51, 67), The chronologica 
velopment of the genital organs in the bovine fetus is shown in Table 1. 

TABLE I 

Sexual Dilferenllatlon of the Calt Fetus* , 


Age Crown-rump 

(days) length (mm) Males Females 


39-40 


Early lesucular organogenesis 

UndlfTerentJaied gonadal 
primordium 

42^3 

24-26 

Definite albugtnea 


45 

29 

Testicular interstitial cells 


47 

32 

First flexure of penile urethra 

Beginning of prolonged j 

thickening of the sup 
ovarian lasers 
ducts in both sexes 

48-49 

34-36 

Anogenital dtstance definitely 
increased 

Growing Mullerian 

50-52 

38-42 

Upper MuUenan ducts: reduction 
in diameter 


56 

53 

Prostatic buds and seminal vesi- 
cles appear 

Male urogenital connections 

Uterus increases in diameter 

. .n— flTlCtS 

58-60 

59-66 

Mullerian ducts: anterior part 
disappears 

Penis opens under the umbilicus 
Balanopreputial fold in organiza- 
tion 

Scrotum develops 

70 

115 

MuUenan ducts absent or 
regressing 

Formation of epididymis 

Retrogression of Wolffia 
begins 

75 

— 


First premeiotic figures ^ 


From reference (52). 
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2. The Prepubertal Period 

At birth, the primary oocytes, some 75 to 160 (X 10’)> are arranged 
around the periphery of the ovary (24, 46). Tertiary follicles with antra 
appear late in fetal life (66) and their number increases after birth, reach- 
ing a maximum at the end of the second month (24). Prior to puberty the 
ovaries, despite the presence of follicles with antra, are small, and the onset 
of ovulatory cyclic activity is a gradual process preceded by anovulatory 
and otherwise incomplete cycles. Thus luteinizing hormone (LH) is de- 
tectable in blood plasma at normal adult basal levels (0.5 to 2.0 ng/ml) 
from birth, with peaks up to 30 ng/ml detectable as early as 6 weeks (SS), 
and continuing to puberty at 41 to 60 weeks. Although of normal post- 
pubertal magnitude, these LH peaks do not induce ovulation. When such 
ovulations are induced, corpora lutea develop normally but in many in- 
stances they persist, indicating that the prepubertal tract may lack the 
ability to initiate leutolysis (93). 

In the bull calf, the approach of puberty and the production of viable 
spermatozoa are associated with the size of the testicles, for which there 
are three distinct phases of growth (5) characterized by a progressive 
development of the spermatogenic cycle (Table 11). These changes are not 
associated with any dramatic changes in pituitary LH output, but there is a 
relationship with androgen (60). 

3. Puberty 

Puberty in the heifer is a much more dramatic event than in the bull. 
There is a great increase in ovarian size, due to the secretion of liquor 

TABLE II 

Development of Spermatogenic Activity in the But! Cat!' 


Phase or 

testicular Live weight 

growth (kg) Types of cell present in sex cords 


1 30-100 Supporting cells Gonocytes 

i I 

2 100-300 Supporting cells Spermatogonia 

1 

Spcrmatocites 

] 

Spermatids 

. i 

3 300-800 Sertoli cells Spermatozoa 


* From reference {72), 
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EolViculi, associated with an ability ot follicles changes 

of an LH peak. In the 2 months preceding X.in, or gcn- 

are evident in serum follicle are relatively 

adotropin-rcleasing hormone (GnRH). Levels o fluctuate 

high p^r to day 42 and then fall to base '-e * J^ite LHJevds 
widely. The data of Gonzalez-Padilla e! al. (2 ) Eg 
possibly two “silent” cycles precede fimt j an estro- 

based upon daily pooled serum samples, provi e authors con- 

gen peak preceding that of LH and estrous b^^aj.or and he aut 
dude that progesterone plays a key role in t ^ ^ ^gifers did 

establishment oE phasic LH release. Be this as ^ precluded the 

exhibit estrus, suggesting that the necessity to P°“ ® P level re- 

possibility of detecting a transient estradiol peak at the very 

quired for a physiological effect (/2). „rire of 

The time of onset of puberty appears to be “ /“"‘mon m 
than of age, but it is difficult to define “size” so that parameters 

ments— height at withers and body length— seem P jf guains 

than live weight (92). Under pod “’’f'.''®"?™,,;, ion, even 

puberty at approximately two-thirds adult size. Restri 
of a relatively minor nature, delays puberty (40). .g ppset of 

tempted to separate the age and weight components affecting 
breeding activity (Table III). ^ onset 

In the developing male, undemutrition results in a ^ and 

oE puberty due to a marked impairment oE testicular ^ tjon and 

sperm production, associated with inhibition oE androgenic . ^ 
consequent Eructose and citric acid production by the semina 
61). 


TABLE 111 

Mean Ages and Weights al Puberty ol Four Breeds of 
Caltle Reared on a High or Low Plane of Nutrition* 


Mean wdght at Mean age at 

Plane of nutrition first estrus fir^f csirus 

during rearing (lb) (days) 


High 

Low 


440 ± 35.1 
710 ± 62.1 


• From rercrcnce (5J). 


530.7 ± 40.0 
579.4 ± 41.6 
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4. The Reproductive Period 

Once breeding activity commences, it can continue for many years. The 
number of primordial follicles remains static until about the fourth year 
(mean 133,000) and declines thereafter until near zero between 15 and 
20 years (24) . 

Testicular size is a good index of sperm production and reproductive 
activity. Efficiency of sperm production per gram of testicular tissue reaches 
a maximum at 1 1 months of age and thereafter remains constant. Total 
production, however, continues to increase as a result of the doubling of 
the weight of the testes over the next 5 or 6 years (Table IV). 

5. Senescence 

This is of little practical interest as few cattle (some 0.25%) normally 
are Kept to 1 5 years of age. 

B. THE ANNUAL BREEDING CYCLE 

Even in temperate climates there is a strong tendency for cows to calve 
in the spring. Hours of daylight have been implicated as an important 
factor controlling this seasonality in Bos taunts (95) but other factors such 


TABLE IV 

Development of Sperm Production in Holstein Bulls' * 


Age 

No. 

bulls 

Gross weight 
paired testes 
(gm) 

Daily sperm production 

lOVbulI 

lOVgm lesljs 

0-4 mo 

25 

20 

0 

0 

5-7 mo 

15 

97 

104' 

1' 

8-10 mo 

20 

284 

1750 

7 

11-12 mo 

15 

370 

3300 

10 

17 mo 

13 

480 

4480 

10 

3yr 

10 

586 

6040 

11 

4-5 yr 

11 

647 

6530 

11 

>7>r 

II 

806 

8000 

n 


“ From reference (I) 

*■ Daily sperm production uas cniculatcd from testicular homogenate counts using a time 
divisor of 5.32 d.ljs. 

' Mean for sir bulls producing spermatids or spermatozoa. 
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as temperature and nutrition are involved. ° "/aTe^t 

variation in fertility in which both ‘^X,u,es depress 

volved; long days favor sperm production; high temperature 

semen quality (i4, 70). „„iwir breeding of Zebu 

Photoperiod has also been implicated in sejisonality of breed g 
cattle (Bor indicnr) (21) and buffalo (B«in/,r but 

correlated environmental factors, e.g., empera ’ ^ j a funda- 

supply, appear to be of overriding importance (50). NevertM 

menul effL of photoperiod bad fhth rim of concep- 

the Mexican Gulf coast region. Pubertal heifers h g 

tion during the unfavorable d^ season, <° P™''f J, in^the rainy 

However, with successive calvings, the tendency to . P , , ,i,e entire 

season increased (Table V), so that by the ^'''.^tnnCle PP«« 
herd was relieved of this fundamental constraint. P"“'P " African 

to Bos laurus, reared in tropical environments ( 25 ), ana i 

buffalo (52). n.siiire erowth and 

This overriding inRuence of rainfall, and consequ p 
plane of nutrition, appears due to a necessity for a bu^d P ? h„ds 
tion prior to conception (55) and is as important in improved o 

as in primitive buffalo. Skinner and 

Soeial factors may have a further modifying effect ^ ® ® intro- 
Bonsma (90) observed that the mean time to day of ^ 9.5 

duction of a bull to cows run atone was 19.3 days as comp 
days for cows run with a vasectomized bull. 


TAbLb V 

Order of Consecutive Conceptions in Zebu Cows and 
Distribution in Relation to the Dry and Rainy Season* 


Number and percenlage conception 



Dry season 

Rainy season 



January-May 

June-October 

Total 

Conception 

number 

No. 

% 

No. 

/q 

No. 


190 

48.6 

201 

51.4 

391 

676 

505 

280 

2-4 

245 

36.2 

431 

63.8 

5-7 

139 

27.5 

366 

72.5 

8-10 


27.9 

202 

72.1 

652 

35.2 

1200 

64.8 

1852 


• From rcrcrcncc (50). 
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C. THE ESTROUS CYCLE 

The characteristics of the cstrous cycle of domestic and other cattle have 
been discussed in detail for the cow in the earlier editions of this work 
(IS, 37). The length of the cycle is 20 days in heifers (S.D. 2.3 days) 
and 21 days in cows (S.D. 3.7 days). Estrus is of short duration, 12-24 
hours, but the range is considerable. For convenience, the day of estrus is 
commonly designated day 0. Ovulation, which normally occurs after the 
end of estrus, is spontaneous. 

Events preceding the first ovulation at puberty are now being studied 
(2S). Once initiated, the events follow an orderly, well-timed sequence. 
Following ovulation a “corpus lutcum” forms under the influence of pitu- 
itary lutcotropin and secretes progesterone for a finite time. Both LH and 
prolactin have been implicated as the lutcotropin but there is still contro- 
versy concerning the importance of prolactin and whether or not estrogen 
is involved. Estrogen is produced in small quantities during the luteal phase, 
with a minor peak between 7 and 1 1 days (27, 42, 86) associated with 
the development and subsequent regression of a mid-cycle follicle (78). 
In the presence of a functional corpus lutcum, this peak of estrogen is un- 
able to initiate tlie release of LH (44). Degenerative changes in the corpus 
lutcum are apparent by the ISth day (36), associated with a decline in 
systemic blood levels of progesterone (79). There follows an increase in 
level of systemic estrogen, mainly estradiol-1 7/3 (22), which reaches a 
peak before the onset of estrus (42, 86). Unlike the situation in the sheep, 
it is not clear in the cow whether or not the prostaglandins, notably pro- 
staglandin Fj,r, are actively involved in the process of luteolysis. An in- 
crease in the level of endometrial prostaglandin F_„ coincident with the 
demise of the corpus luteum has not been conclusively demonstrated 
although it is well established that exogenous prostaglandin, intrauterine 
or systemic, is highly effective as a luteolytic agent (84). Relieved from 
the constraints of a high level of circulating progesterone, the ensuing 
high level of circulating estrogen initiates the release of gonadotropin (17, 
44). This, seemingly, is accomplished by the stimulation of the release of 
of dccapeptidc gonadotropin-releasing hormone from the hypothalamus 
which, when transported by the hypophyseal portal system to the hypo- 
physis, rapidly induces release of FSH and LH (105). 

These events, reviewed by Denamur (20) and illustrated in Fig. 1, pose 
a basic question concerning the fundamental nature of the estrous cycle. Is 
there an intrinsic pattern of growth and regression of follicles, with asso- 
ciated production of estrogen, which constitutes a biological “clock" and 
is this responsible for the accurate timing of the cycle, as in the laboraloO’ 
rodents? The cstrous cycle of the ruminants bears a remarkable rescni- 
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0*V ol CVCIE 

Fio. I. Morphological (A) and endocrinological (B) events in the eslrous cycle 
of the cow. 


blance to the pseudopregnancy of the rat and mouse and, in a biological 
sense, the cycle may be regarded as a pseudopregnancy which overrides, 
or is geared to, a fundamental cj'cle of growth and regression of follicles 
with an associated peak in estrogen production about every 10 days in th~ 
cow and every 4 days in the sheep. 

The physiological changes in the reproductive tract consequent upon 
these endocrinological events have been described by Asdell (^) 
Hansel (57). Estrus is characterized by anatomical and behavioral changes 
described in Chapter 10. Problems posed by “silent heats” and heats of 
short duration are not uncommon iJ8} and may be exacerbated, especially 
on the range, by malnutrition (55) and stress (99). Further, the time of 
estrus during the day is not random in Bos taurus (97) or Bos indicn^ 
(47). The impact of social and environmental factors on the efficienc)’ o 
detection of estrus and of mating in cattle has not been studied as inten- 
sively as in the sheep. Bleeding occurs from the uterus in many animab 
during meiestrus, usually about 24 hours after ovmlation. 

D. THE SPERMATOGENIC CYCLE 

The liberation of spermatozoa by the testes of the bull is a continuous 
process, some 10 to 13 (x 10') per day being produced by an adult (/) 


16. REPRODUCTION IN CATTLE 441 


of which about one-halt can be harvested in successive daily collections 
(55). This process is the result of an accurately timed spermatogenic cycle 
of some 60 days duration { 16 ). 


III. Maling and Ferlilizalion 

Mating behavior is a direct effect of estrogen but, as in the sheep, pro- 
gesterone is involved. The heifer is highly sensitive to estrogen, the median 
effective dose (MED) of estradiol benzoate (EB) required to elicit a full 

estrous response being some 120-130 pg (Table VI). 

Although ovulation occurs spontaneously, it may be ® 

(65, 77) and there is some evidence for a circadian rhythm ( 48 ). 
mally, one egg is shed, with the right ovary ovulating more frequently than 
the left (4). The incidence of twin ovulations ranges from about 2 % for 

dairy cattle declining to 0.5% for beef breeds. 

^e ovum normally is shed some 10 ho«rs after the 
estnis. In the next 6 hours it travels about one-third of the way down the 
oviduct during which time it is fertilized, some 30 hours after the onset or 
20-24 hours after the middle of estrus. Early reports on conception rates 
following artificial insemination show maximum 

at mid-estrus, some 13-18 hours before ovulation (97). ^ ght this 

is rather puzzling in view of reports of rapid transport of spermatozoa to 

on m. .pp.™, W). («) 

phases of sperm transport, namely, (a) a rapid passive phase during which 


R^p^^ns'^J ol spayed Hellers' to Estradiol Benzoale (EB) with and without 
Pretrealmenl^ with Progesterone' 


EB after progesterone 

Dose 

of No. of heifers Meantime Mean 

to onset duration 

(pg) Treated Estrus (hours) (hours) 


EB alone 


No. ofheirers Meantime Mean 

to onset duration 

Treated Estrus (hours) (hours) 


400 14 13 19.4 

200 14 14 19.7 

141 14 9 25.0 

100 14 4 25.5 


14 1 

14 2 

14 4 

14 1 


21.0 

27.0 

26.2 

27.0 


3.0 

3.0 

7.5 

3.0 


• Previously made refraclory to eslrogen by rfPral^ 
‘ 10 mg/day for 5 days followed 3 days later by tu. 

* From reference { 12 ). 


injections. 
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some spermatozoa may be transferred rapidly to distal parts of the female 
reproductive tract, (b) a phase of colonization of reservoirs during whic 
the spermatozoa invade the protective cervical crypts, and (c) a slow 
phase of transport during which spermatozoa are released from the pnma^ 
reservoir (the cervix in the case of the cow) and progress to and throug 
the uterus and to the site of fertilization in the upper third of the Fallopian 
tube. There is little evidence that the first phase is important. Rather there 
appears to be a gradual buildup at the uterotubal junction, which region ac s 
as a protective reservoir while the isthmus acts as a filter {34). The cervix 
is the primary reservoir {64) and from it there is continuous replenishment 
of the uterotubal junction for some 3 days. 

Failure of fertilization in cattle exhibiting normal estrus is not a major 
problem. Nor, by contrast to the sheep, does it appear to be a problem m 
cattle ingesting phytoestrogens. It is a problem, however, in cattle in whic 
estrus has been synchronized by treatment' with exogenous progestagen 
{34, 68). Although direct evidence is lacking for the cow it seems certain, 
by analogy with the ewe, that this is due to impairment of the nonna 
pattern of sperm transport. Despite the considerable literature on nutrition 
and fertility in cattle (55), definitions are lacking of the nature ^ ® 
subfertility associated with undernutrition and with specific nutritional de 
ciencies (e.g., phosphorus). Failure of fertilization due to an impairme 
of normal sperm transport and survival is an obvious area for investigation- 
Finally, there are genetic defects which prevent fertilization and whic 
constitute an important but not primary cause of subfertility {94). 


IV. Pregnancy 

Despite the high percentage of healthy breeders in which eggs are f^ 
tilized following insemination (90-100%) only approximately 50 to 55 /o 
calve (Table VII). The progressive loss is due to embryonic and feta 
death (7), the former being much the greater. 

The establishment and maintenance of a successful pregnancy invo ve 


three periods, that of the ovum, the embryo, and the fetus. During 


the 

first, the fertilized dividing ovum, within its zona pelhtcida, passes 
the fallopian tube to the uterus. During the second, differentiation 
and pregnancy is established. During the third, the placenta is fully devc - 
oped and the fetus makes rapid growth. 


A. THE PERIOD OF THE OVUM 

The fertilized egg enters the uterus at between 72 and 96 hours, at the 
sixtccn-ccll stage. This timing is critical {8, 83) since survival is depende 
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TABLE VII 

Percentage at Cows Pregnant at Various Stages as Esti- 
mated by Pregnancy Diagnosis or Nonreturn to Service' 


Interval from service 

I 

month 

2 

months 

3 

months 

9 

months 

Calving 

67.8 

58.4 

55.7 



52.9 

74.9 

68.3 

65.3 

58.6 

53.2 

78.4 

— 

65.9 

— 

53.5 


“ From reference (SO- 


upon the uterus being under the influence of progesterone produced by the 
developing corpus luteum. 


B. THE PERIOD OF THE EMBRYO 

A series of coordinated events is involved. First, there is division of the 
zygote followed by differentiation into embryonal and placental elements, 
evident by the eighth day, about which time the zona pellucida is lost. 
Second, there is elongation of the blastocyst, often referred to as the 
chorionic sac, which by the 18th day fills the uterine horn in which the 
fertilized ovum lodged and may grow into the opposite horn. Third, there 
is a gradual erosion of the epithelium of the caruncles by the trophoblast, 
followed by an active invasion by trophoblast cells which leads to the 
development of the fetal/maternal cotyledonary placenta (Fig. 2). Implan- 
tation is a gradual process, characterized by a progressive invasion of the 
caruncles which is not completed until the end of the first third of preg- 
nancy (2, JO). 

This first six weeks of pregnancy is a period highly susceptible to loss 
(see Table VIl) with, on the average, about 31 to 34% of fertilized eggs 
failing to survive (SI ) . No single factor can be implicated, nor is it possible 
to apportion the loss between genetic causes and failure of the maternal 
environment. The latter is important in the cow, as shown by egg transfer 
studies (S, S3). A two-day asynchrony between the endocrine state of the 
uterus and the stage of development of the fertilized egg results in embry- 
onic death. Proximity to another embryo also reduces the chances of sur- 
vival as shown by a doubling of the chance of twins when one egg is shed 
from each ovary as compared with both from one (31) or when one is 
transferred to each uterine horn (82). 
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Fta. 2. Fused allantochorion In a Iriplet set, 49 <3ays after insemination ® 
fetal components of the cotyledons and the three fetuses contained in their .jj 

amnions. Anastomoses of both large and small blood vessels are visible. The ® 
the middle was a female, the others were males. Scale, 5-cm large squares see 
the graduated paper. From Jost et al. (52), courtesy Blackuell Scientific Publica fo 


In the case of such multiple pregnancies, adjacent trophobJasts (c 
rions) fuse and when the allantois, with its associated blood vessels, 
out to invest the chorion to provide the allaniochorion there is early anasto* 
mosis of the blood vessels. 


C. THE PERIOD OF THE FETUS 

Diflcrcnliation into Ihc component parts of the new organism and 
membranes is effected by the end of the sixth week. Thereafter pregnan^^^ 
consists of consolidation and growth of the placenta, which docs not 
tain its mature form until the third or fourth month (S6), and 
of the fetus. The deselopmcnt of the epitheliochorial placenta 
elegantly described and illustrated by Amoroso (2) and more bne 
by Ha^cy (41). 

During the first tsso-thirds of pregnancy, the rate of growth o 
placenta exceeds that of the fetus, the growth of which is so remar a 
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uniform that fetal age can be determined by reference to standard measure- 
ments and photographs (702). During the last one-third, the situation is 
reversed, and it is during this period that nutritional stresses affecting birth 
weight and survivability are important. 


D. FREEMARTINS 

In 1917 Lillie (5S) postulated that the changes wrought in heifers 
born twin to a bull were due to internal secretions borne to the hei er 
by an anastomosed placental circulation. In recent years this freemar in 
syndrome has formed the central theme of a syinposium on intersexuality 
(74), and has been the subject of review (62) and discussion (52, 87. 88). 

The “freemartin” condition (/ree^J(er^e.- ^ e) is a 

direct result of the lorm of placentation in the cow. In multiparous rumi- 
nants, adjacent trophoblasts fuse to form a common . 1 

such as the sheep, the blood vessels which grow out with the 
each embryo in the formation of the allantoehor.on appear n°t “mme 
into close juxtaposition with those of the adjacen em y . 
by contrast, they do. They occupy the same 

of placental blood vessels (Fig. 2), well-established by the 39th day (52). 
Thfs permits a degree of exchange of blood between fetuses, with conse- 

‘'"^rfetatetir!he"te«e!o1rnorma1 male become histologically 
recognizable about the 40th day whereas the “ 

undifferentiated for several weeks longer (^ee ,h?Munerian 

development is first apparent at about the 50th 

duets of males and of future freemartins commence ° decrease m d.arnemr 

relative to those of normal females (Fig. ), y growth of the 

vestigial p2). Over the same period there is inhibition of growth of the 

« between male and female „-sU hasj^ 

lost e. a,. testosterone) 

caused by „ positive masculinization 

Tr^ra" Id Struct which stimulates the vest^. 
ovaries, seminal vesicles, and over an 

irSL“ca::r sreat.y modined. 
so that the freemartm remains P'’="°^yP'“J^|,%o,uses. Cellular and other 

Not only ,ed, and there is the possibility 

elements normally in blood arc iransp » 

that these include cells from the gonads and other organs. Tlie lodgement 
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in the female co-twm of gonadal cells responding in a malelike fashion to 
tropic hormones could be implicated m the basic changes (. 43 ) and would 

also account for increasing masculinization with age 

The maiority of cattle twins have identical blood types (62) indicating 
that cells capable of being established m hematopoietic tissues of co-tivins 
are exchanged and continue to provide a source of blood cells throughout 
life Further, skin grafts between nonident.cal cattle twins are so well- 
tolerated as to be useless as a test for monozygosity in cattle ‘'^‘“ Fe- 
males which show tolerance to skin grafts from male ^ ^ 

martins the 10% which do not are fertile (9) Sex chromosome chimerism 
has also been demonstrated m leukocytes, germ cells, and numerous other 

'''Ue'’sterfdl present in the gonad, testosterone, P™gesterone, andro- 
stenedione, conform to the concept of a functiona ovotestis 
Methods of diagnosis for the freemart.n include 
of the reproductive organs, blood typing, skin ^ ^ 

detection, or determination of the presence or absence of XY 
leukocytes (62) 


V. Parturition and Lactation 

These important processes of reproduction are considered in Chapters 
13 and 14 


VI. Control of Fertility 

Several reoroductive phenomena arc amenable to a degree of artificial 
several reproaucuvc p ovulation and estrus, the number of 

control These include the time Ov o 

r „,l, .h,. cemnl duels iml the external geninln 

Fio 3 52 dl> old fetuses On Ihe Icfl 

of cnlf fetuses (X 3 3 for all donqated Ihnn the mines in Ihe female 

normal mile notice Ihil the ‘“to spellings In the middle 

and that the penis his ilreid) " 1 °''“ o^,oes Middle ron 60 dij 

normil femile On Ihe right scrotum ind the long mogcnital 

old feltises On the left , q„ ,|,c right frcemirlin (FM ) whose 

distince in the middle normil row ViriUions in 60 or 61 

ovaries show the menge degree femile from 1 mile femile twin 

day old fetuses On the ''f' (^Jehlirions ind no nscular eonncclions In Ihe 

prccnincy wnh no fusion (N F ) ol t oeerian inhibilion it belonged 10 a 

middle SOwliy old frccmartin shos mg 6Mi} old frecmarlin showing 

qindruplet f 1 d + 3 9 I belonged 10 a triplet fie +39) pregmnej 

a severe degree of ovnrian jnhtbiiion it , p,,bIicntions 

From lost erni (52). oourtesj HlaeLwell Scientific Ptiblieitions 
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eggs shed, and ihe time of parturition* In addition, a number of manipula- 
tive procedures such as egg transfer, artificial insemination, and the 
storage of frozen embryos are used in association with this control. 


A. SYNCHRONIZATION OF ESTRUS 

Essentially there are two approaches, namely, artificial prolongation of 
diestrus using exogenous progestagen, or its shortening by use of a Iuteoi>' 
sin (6S). 


1. Progestagens 

Progesterone and a number of synthetic analogs have been extensively 
tested when injected, fed, implanted, or inserted intravaginally eit cr 
alone or in combination with estrogen, gonadotropin or, more recent >» 
prostaglandin. The early experiments with injected progesterone, revievsc 
by Anderson et al. (5), showed that although the lime of ovulation jm 
estrus could be controlled quite accurately, fertility was almost invana^ y 
low. Attempts to reduce the number of injections by using long-acting 
forms (e.g., starch suspensions) were unsatisfactory. Hansel (iS) con- 
cluded that satisfactory synchronization could be achieved by 

either MAP (Upjohn; 17a-acetoxy-6-rt-methylpregn-4-ene-3,20-dione) a 

a level of 180 to 200 mg/animal/day or CAP (Lilly; ITo-acetoxy-d'Ch^^ 
ropregn-4,6-diene-3,20-dione) at 10 mg/day for 18 days to either dairy 
or beef cattle. The drug could be incoqjorated either into a liquid ralioi’ 
or one pelleted or ground. Conception rates at the first estrus after wi 
drawal of progestagen were variable but were normal at the next cycle. 

There is now a substantial literature describing many tests, almost a 
of a trial and error nature, on the efficacy of oral progestagens, notabb 

MAP, CAP, and MG A (Upjohn; l7a-aceioxy-6-methyl-l6-methyIene-4, 

pregnadionc-3,20-dione) (49). The most useful practical advance has 
been application of the luteolytic effect of estrogen early in the cycle, thus 
permitting a 9-day period of progestagen feeding associated with a 
injection of estrogen on day 2 of treatment (/(?/), thus reducing costs an 
improving conception rates. However the lime of estrus is spread over 
several days so that insemination at a fixed time is not feasible. Estrus is 
“grouped” rather than synchronized. 

Recent development of synthetic progestagens of extremely high 
such as 17ff-acctoxy-l l0-mcthyl-9-nor-preg-4-enc-2O-dione 
has made possible the use of removable subcutaneous ear implants ' 
104). Modifications include the use of PMSG {13) and PGF-- 003) ^ 
the time of removal, each of which appears to improve fertility. ^ 
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fects of several treatment parameters are shown in Table VIII. The time 
of estrus and ovulation relative to that of withdrawal of treatment is much 
more precise than that following oral treatment, and this precision may be 
sufficient to permit insemination at a predetermined time ( 104 ). 

The intravaginal route for administration of progesterone and synthetic 
analogs ( 11 ) continues to be investigated, particularly in Ireland ( 30 ), 
France (7J), New Zealand ( 91 ), and Israel ( 6 ). In heifers, at least, the 
potential value of the intravaginal approach has been underestimated ( 6 ). 
The New Zealand tests, involving 802 cattle, dairy and beef, suckling and 
dry, in which progestagen-impregnated intravaginal sponges were com- 
pared ivith PGFja, led Smith ( 91 ) to conclude that, overall, the intrava- 
ginal sponge technique was satisfactory and offered greater potential for 
widespread use than did the prostaglandins. Loss of sponges by parous 
cows can be a problem, but it is dose-dependent. French workers have 
shown that, as in the sheep, the use of PMSG in association with the 
progestagen treatment ( 73 ) results in a high degree of precision of syn- 
chronization, 95% of cows treated in the first half of a normal cycle being 
in estrus within 72 hours. 

A recent innovation is the development of a progesterone-releasing intra- 
vaginal device (PRID) consisting of a metal spiral coated with proges- 
terone-impregnated silicone rubber. Following insertion into the vagina, 
the progesterone level in peripheral plasma rises to 5 to 10 ng/ml within 
an hour and remains high for 3 to 5 days. By 21 days it has declined to 


TABLE VMI 

Treatment Parameters which AHecI Ferlilily of Suckling Cows 
Treated with SC-Z1009 at Three Dose Levels for Three Periods, 
with or without Estradiot Valerate or PMSG' * 


1. Duration of treatment (days) 

9 

11 

13-15 

Calving rate (%) 

57.5 

45.6 

26 0 

2. Estradiol valerate 

5 mg 

Omg 


Calving rale C%) 

52.S 

19 7 


3. Dose of SC-21009 (mg) 

12 

9 

6 

Calving rate(%) 

60.3 

55.5 

43 4 

4. PMSG (lU) 

800 

0 


Pregnant at 21 da>-s (%) 

57,1 

12.0 



• Optimum combination: 9 days treatment with 13 mg SC-31009 4- 5 mg 
estradiol mlcrnte on daj I + SOO ILI P.MSG on d.a> 10 Calling rate for 
optimum eombination. frf.7% for first insemination and S3.7r; for first 
30 da>i5. 

* From reference (fJ). 
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2 ng/ml. On withdrawal, 100 GnRH is given, and animals are insemi- 
nated 16-18 hours later. Good conception rates are reported (65). 


2. Prostaglandins 

Since 1972, when the first reports appeared of the intrauterine use of 
PGF-a for inducing luteolysis in cattle (39, 57, 59, 84) and with the subse- 
quent appearance and testing of systemically active salts and analogs, many 
reports have appeared evaluating the prostaglandins for synchronization. 
Two injections of 30 mg of the trimethamine salt (PGFjn Tham; Upjohn) 
or 500 of a synthetic analog (ICl 80,996) spaced 10-12 days apart, 
are reported to result in a high proportion of cows in heat between 48 an 
72 hours after the second injection, with fertility to subsequent artificia 
insemination indistinguishable from normal (15, 54, 56). 


B. ARTIFICIAL TWINNING 

There have been three major projects aimed at increasing the twinning 
rate in cattle. 

The British trials (31), in which multiple ovulation was induced y 
PMSG given on day 16 or 17 of a normal cycle, resulted in a ^*8^ 
portion of triplets, quadruplets, and quintuplets. The response to PM5 
was unpredictable and variable. _ 

The French program (73), based upon the use of PMSG and HC i 
concentrated upon (a) the responses obtained with these hormones when 
injected at various doses and times, (b) the variability of response o®' 
pending on season, breed, and nutrition, and (c) fertilizability and sur 
vivabilily of superovulated oocytes. The work showed marked 
between breeds in the ovulation response and a curious phenomenon o 
“split estrus” in which there were two peaks of cstrous response, some 
T-V-i days apart. Despite a general trend for the mean number of ovmlatjons 
to increase with increasing dose of PMSG, there was no significant linear 
response and the variability was enormous. However, within breeds, it 
possible to class the animals into populations which would yield 0-1 1 2 • 
and >4 osculations following a given dose of PMSG. There were brcc 
differences, the Charolais proving more responsive than the Friesian. 

The program in Ireland is in its infancy but a progress report is 
available (29). 


C. EMBRYO TRANSFER AND FROZEN STORAGE 

Progress in these important areas of control of reproductive phenomf*'^ 
is discussed in Chapter 11. 
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D DIAGNOSIS OF PREGNANCY 

The assay of progesterone level m plasma (75, 80. 96) or (26, 
45) on the 20th day after insemination promises to be a reliable test for 
J\y pregnancy, and is a potentially useful tool for embryonic 

mortality (76) A level of <0 5 ng/ml plasma or 2 ng/ml milk is classed 
as nSegnant and >2 ng/ml plasma or 11 ng/ml mi^ as pregnant 
False negatives are virtually ml while false posi ives can b" 
embryonTc mortality There arc practical Pf he 

collection and assay of blood plasma (96) which makes the milk test the 

more attractive 


E INITIATION OF PARTURITION 

The use of exogenous estrogen, prostaglandin, or 
induction of parturition is considered m Chapter l J 


corticosteroid for the 
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1. Introduction 

Pigs are Utter-bearing mammals that can conceive and bear young at all 
seasons of the year. Because they have been domesticated for several cen- 
turies farmers have known for most of this period that the interval £ 
tween heats is about 21 days and that the gestation period is about 1 
days. 

Pigs have several characteristics that, when combined, make them 
what unique among farm and research animals. They are curious, inte 
ligent, easily trained, readily available in large numbers, and can be 'Cp 
in confined areas quite easily. In recent years, experimental research as 
given us additional insight into the normal functioning of the reproductive 
processes, especally in the sow. This chapter will deal primarily vvith t is 
information. 


W. Puberty 


A. GILTS 

First estrus may occur when the gilt is 4-9 months of age. The plaj^® 
of nutrition may slightly influence the age at first heat but much of 
variability of age at puberty seems to be associated with the genetic oa 
ground of the gilt and the physical and perhaps social environmen 
(9, 17). Gilts kept in large groups or in relatively close confinement or 
isolated from boars have delayed puberty. Movement of gilts from one 
environment to another when they are about 6 months of age will o 
trigger the first heat within 5 to 6 days (46). The injection of a gona o- 
tropin such as pregnant mares serum gonadotropin (PMSG) Into pt® 
pubertal gilts older than 4 months will induce estrus and ovulation ( • 

Thus the ovaries are functional but are lacking sufficient stimulus prior 
spontaneous first heat. 

When the first estrus and ovulation occur spontaneously, mating. 
ception, pregnancy, and partuntion proceed with about 705^ of . 
rowing. When ovulation is induced at 4 to 5 months of age, not all gi 
show heat and the proportion of gilts conceiving and implanting 
is reduced with only an occasional gilt producing a litter. As the age 
the gilts at induction of ovulation increases, so does the fertility by 
measures as proportion showing heat, conception rate and litter size, 
berty can be considered to occur only when all the components of j 
duction arc established. Much is still unknown about the influence 
diet, social environment, number and density of animals per pen. 
light and temperature have on onset of puberty in gilts. 
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B. BOARS 

At a few weeks of age, boars will show initial 
not fertile until at least 4 months of age when 

late. Young boars will mount pen mates at an age ™ . 

glans penis are still not b,ha^^ with the pro- 

gens the various components of male 

duction of seminal fluids and ^Pe™- P n,ent of normal sex 

ence with gilts and boars are essential t P 

patterns. 


111. Eslrous Cycle 

A. LENGTH OF CYCLE 

T,, „p.c,.d «h o, ,« .«™.. iz 

considered within the "“"""“''“Va^arge number of estrous cycles are 
as day 0 followed by day 1_ Wh 

recorded m mated gilts ‘here are P 26 days. This 

between heats. One . gi„s ^ith only one to four fertilized 

26-day interval is also found ® j embryos prolongs the normal 

eggs (33). Presumably a small number ol emo^ P 

21-day interval but does not initiate a u obvious seasonality. 

Estrous cycles occur 7 f „,ore. Estrus will ordinarily 

Lactation will inhibit f trus or if lactation has persisted for 

occur at 3 to 7 days after th number of pigs per litter or increasing 

IS days or more, m ^ managemcntal tool to at- 

the interval between nursing j^n Response to such treatments is 

tempt to induce estrus during ^g^^Uy indugg^ 

variable but not reliable a lactation, but it is necessary to use 

PMSG any time after the 42nd day^^^ 

great caution to observe signs o ^ca_^^ associated with anes- 

Sevcre nutritional, d'seas , eliminating the stress are ac- 

tms. Improvement m conditions or 
companicd by return of estrous eye 


B. SIGNS OF ESTRUS ^ ■ , 

r. ■ u .-.nicrired by a scries of gradual behavioral and physio- 

&trus is uharaeteri d g.,„_ particular, thc-vulva swells and 

logic.-il signs unnearance often several days before other signs ap- 

develops a ^dd^gV^n^rswclling is apparently due to the secreton of 
pear. Tins reddeni g , because administration of estrocen will 
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vulv., the gilt mey be very alert to the sexual be- 

boar and be quite restless. She may poss.bly nuzzling 

havior as shown by her pursuit ot other fema es but 

of the flanks. She may show a great .merest 1." => ,han be 

will assume an aggressive stance and ^ A r „ gjtrus the uterus 

receptive to his attempts at mounting. At ou . ^productive 

is very tightly contracted and an examination rane-'"’ from S to 

organs by laparotomy will reveal follicles on the ovarie rang fro 
12 mm in diameter. Cloudy mucus is sometimes =‘ /^^ovT vulvar 
vulva at this stage. Older multiparous sows are less ^ ; as 

swelling but will often display the same proestrous ess- 

gilts. During the early stages of receptivity, the E'»s ^ herdsman 

ness are accentuated with frequent seeking of attention by ^ 

or boar. They often emit a peculiar growling sou"d not un ^ 

In response to the sound, smell, and nuzzling of the boar tn ) 
rigid, immobile receptive stance. This rigid stance may as 
by the herdsman in the receptive gilt by applying pressure ., „„ 

Success in artificial insemination of swine is dependent P j at 

accurate detection of heat to ensure that Pf^ating or 

the time relative to ovulation for optimum fertility. Sup -.j by o 

artiflcial insemination breeding programs must be 1, ,aUs of 

patient and persistent check of all animals at least twice daily. DC. 
the time for insemination will follow in Section V. 

C. HORMONAL LEVELS 

The levels of hormones in the blood are changing 
reflects the dynamic condition of the reproductive system fLH. 

(2S, 24). These changes are depicted in Fig. 1 showing vvilh 

progesterone, and estrogen. The level of progesterone is . uip is 
the number of ovulations during the first 8 days but the re a 
much reduced after day 12. Uj, liulc 

The time of release of LH coincides with the onset ot near ^ 
evidence for diurnal rhythm. The ascending slope of the ° ,y5). 

relatively shallow and the peak is lower than in the sheep and 
The levels of FSH vary little throughout the estrous cycle (41 ) . 


IV. Ovulation 

A. TIME , 

, t (iflV 2 

Ovulation of follicles occurs near the end of the estrus on 
the c>‘cle. The interval from injection of human chorionic go 
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5 6 7 8 9 10 11 13 M >5 '' '® ' 

OATS or THE ESIROUS CTCIE 

, 1 itutinizinE hormone, progesterone, and estrogens 

Fto. 1. Peripheral plasma leve s of lutemKing n 

during the porcine estrous cycle (Hanse 

■ • At -t- 1 hour in gilts in Into procstrus or in gilts 

(HCG) to ovulation , withdrawal of ovulation-inhibiting 

with mature follicles producea interval from release of en- 

materials (26, 27). In normal 7“= 2ut 40 hours. Release of 

dogenous pituitary LH and ovu a ^^ministration of GnRH will also 
LH is at the onset of heat 
cause release of LH and ovulation ( 


B. NUMBERS 

I is inlluenccd by many factors. The mean 
The number of eggs ovulatcu ^ postpubcrtal 

number of eggs ovulated will ovulate 15-20 eggs (/7). 

heat to 12 to 14 at the third near. number of ovulations is sonie- 

If gilts are slightly caloric'intahe. An increase in caloric 

what less than in gills with a P ‘ ^ 7 before the next nnlici- 

intakc by supplying additiona . ,55 in two os’ulations compared to 

p.itcd ovulation will (, 9 . .?5). 

females not given additional c ^ others. Recent csi- 

Certain breeds of pig' 
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dence has shown that the number of ovulations is highly heritable indicat 
ing a genetic basis for ovulation rate. 


C. DEVELOPMENT OF FOLLICLES AND CORPORA LUTEA 

The stage of the estrous cycle may be determined quite precisely dunng 
the first 8 days after ovulation and for the 5 days preceding ovulation y 
examining the ovaries. This leaves only days 8 through 15 with little easi y 
distinguished daily change. Beginning at day 14 or 15 of the estrous eye e 
and progressing onward, the ovarian changes are as follows: corpora 
lutea begin to regress developing large surface capillaries and a genera y 
paler appearance; at day 16-17, corpora lutea may be regressed to 4 to 
mm in diameter and are now whitish, hard, and avascular and follicles arc 
4-5 mm in diameter; at day 18-J9, corpora lutea are now 3 to 4 mm an 
are white (corpora albicantia), follicles are 10-12 mm in diameter, qmie 
turgid, and clear walled with many fine capillaries; at day 20-21, folhcjs 
have lost their turgidity and are somewhat pendulous with very clear wa s» 
ovulation is imminent and occurs about 24 hours later at which tim® 
follicles have collapsed, the ovulation stigma is evident and bloody, 
small amount of blood oozing from it, and there is little luteal tissue; at 
48 hours, the follicle is 10-12 mm, filled with a clear or bloody gelatmm^ 
material, still oozing blood, with a very slight pinkish tinge to the wall fro 
luteal tissues; at 72 hours, follicles are 12-15 mm with pink color fm 
luteal tissue lining follicle wall, and a small blood clot in center; at 96-^1 
hours, corpora lutea are 10-20 mm, very bright purplish with luteal 
and a large blood clot is evident; at day 6-8, corpora lutea reducing to 
to 12 mm with thick layer of luteal tissue and uniform pink color, sma 
cavity is filled with fluid or blood; at day 9-14, corpora lutea pink, noe 
capillaries, solid structure with radial appearance when cut through a 
meter; this state persists through pregnancy or until regression begms i 
pregnancy does not ensue. 


V. Fertilization and Embryonic Development 
A. SPERM PENETRATION 

Insemination of gilts running with boars ordinarily takes place 
cstnis several hours before ovulation. The optimum time for inscmin3*'° 
seems to be about 12 hours before ovulation (/d). Sperm transport to t 
site of fertilization in the ampulla takes only a few minutes, thus, sp^ 
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are ordinarily waiting for the egg. Attachment of sperm to the zona pel- 

lucida occurs within 1 or 2 hours p" 

a pig egg within 2 hours after insemination (26-25). Whereas the P = JS 
is ofulfted in a cumulus mass, sperm rarely are found 
attachment of sperm to the zona pellucida occurs after t SS ^ 

completely denuded. Sperm penetrate the zona ^ 

parabolic path beginning with a shallow angle cont numg v'th an ever 
increasina angle to the surface of the egg. Normally only one sperm pene 
trat^Tzon? completely. The zona 

many accessory sperm to only partially penetrate the 

numbers of sperm m the '"‘=‘"‘‘5' ^ t^Leen the first penetrating 
with polyspermy. The egg ^ elapses between them (29). 

sperm and subsequent sperm only ii som P 


B. DEVELOPMENT 

After activation of the ^ at, er ovulation. The egg under- 

Pronuclei can be found from « ^^eut 20 hours after ovulation, 

goes the mitotic division to tw i 

The embryo is tour cells at a embryos 

48 to 56 hours when it ‘ thirty-two cells. At day 6, nearly 

are at the morula stage, cont ^ distinct inner cell mass 

ntriTst, bT..Sr»» -j b; « 

at one pole. At day 8 to y elongate to day 10, ranging in size from 
hptical. Blastocysts continu ®ying a very white, collapsed hollow 

5 to 10 mm in diameter wh^e re^g^^^ 

ball (J3). Blastocysts are is growing very rapidly and 

the naked eye by day u. i- , centimeters in length and is 

by day 12 to 13 

similar in appearance to a t appear 

amount of tissue mcreases z ^ ^ perceptible 

in the 12- to '^-mm am ly^ embryo .and fetal fluids. By 

swelling at day 21 at ' „,c 25-mm pig. Tlic head, limbs, and 

day 25, fetal shape is app cavity is well developed and the 

internal organs are cvio ' ^ -prij jiujd is delectable by ultrasonie 

uterus is now , ^ ^ncans of pregnancy diagnosis (31 ) . 

echo analysis and is use 
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VI. Embryonal Spacing 

A. TIME OF MIGRATION 

Embryos enter the uterus about day 4 of the cycle, 48 hours after ovula- 
tion. They remain in the tip of the uterine horn during days 5 and 6. At 
day 7, embryos can be found at some distance from the uterotubal junc- 
tion but even at day 8 embryos have not migrated into the opposite uterine 
horn { 13 ), During days 9, 10, 11, and 12, the embryos occupy both horns 
(Figs. 2-4). Migration stops at this time ( 37 ). 


B, SPACING 

During migration embryos from one horn enter the opposite horn in 
nearly every case. Embryos from each horn are mixed with embiy'os 
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F/g. 2. Migration of pig embryos m early gestation (Dziut. 
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EMBRYO 
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Fig. 4. Number and distribution of embryos in the uteri of gilts with one o' 
occluded (Dhindsa et ai., 13). 


originating in the other horn. When one considers that perhaps 
more embryos must share the uterine space which may range * 

330 cm in length, for the 112- to 114-day gestation period, it is 
tivc that an efficient distribution mechanism ensure full utilization of 
able space. Embiyos must be spaced approximately equidistant from 
olher. , . j, 

When cmbrj’os arc restricted to a shorter than usual segment by 
of the uterus, they implant closer to each other than normal but sti 
equidistant from each other { 15 }. 
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VII. Pregnancy 


A. POSITION OF EMBRYOS 

Not only is embryonal spacing and migration M'y 

uterine space, but it is essential for 

embryos occupy only one ° ^ and the sow will 

12 to 14 of 8“^'“ J,;,,, of the uterus is unoccupied, preg- 

return to heat (.11, 22) When on „taintaining pregnancy is 

nancy can continue but p P . ^ uterus. When fetuses oceupy 

less than in gilts with a --Pt «ly ^ „ot continue but when 
only one uterine horn at day 10. p g or 14, a unilateral preg- 

fetuses are removed are killed at 30 days of gestation, 

nancy can continue. When ^ progesterone in the blood re- 

the corpora lutea continue func lO g, pregnancy, and the SOW does 
mains at the same level as “appears that the sow must 

not return to heat tor at least 60 y < ’ embreos between day 10 and 

have at least 70% of the uteres at day 14 or later, removal 

12. Once the pregnancy has „ en,bryos does not disrupt the 

of part of the litter or perhaps death ot a y 

course of pregnancy. 

B. NUMBER OF EMBRYOS . 

r .1 „.lnst a sow maintaining a pregnancy initiated 
An apparent safeguard again observations on hmit- 

by less than four embo-os a‘ « y embryos entered 

ing the number of embryos (J )■ . ^ ,p 35 to 30 days. Pregnancy 

the uterus, the estrous cycles w embryos were present, 

was not maintained to 40 days u ,, -j above help us understand 
These observations, plus those — ,,bether the mated 
how the number and position ,h7 pregnancy. Once pregnancy has 

sow will return to heat or maintain h= P^®^ ,,i,h few or es- 

been established just before day 14, then 
sentially no fetuses. 


C. MECHANISM OF SIGNAL FOR 

1, . ,hp dilTerencc between a nonpregnant sow and a 
It is a truism that the di 5 yhe mechanism by which the 

pregnant one is the presence ™clicity to a state of abeyance for an 

12-day embryo converts the n enigma. Hysterectomy or admin- 

additional 100-day J ,u,cai phase will prolong the life of the 

islration of an estrogen during 
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us luteum for a period nearly equal to sev- 

mbrvos tor 14 to 30 days will also often delay the next h 
” oThs unilateral regrLsion of eorpora lutea on ‘he 
n unoeeupied uterine horn while corpora a 

:r ovary adjaeent to an oeeup.ed horn are^trans- 

d effect of the uterus on the ovary. However, between 

rted surgically to the uterus or to the abdominal ho y 
muscle and the skin, estrous cycles occur 

bryos are transferred into the uterus of gilts with „ans- 

gnancy ensues and parturition and lactation are and 

nted, isolated ovaries can apparently respond to a ^„,affl- 

.d not rely on possible local routes. Unilateral P«tEn^e,es he^^^^^ 

ned by administration of progesterone or 
t of corpora lutea during days 14-21 after mating (7) The “a 
lisms as to how the pig embryos signal the mother to maintain 
incy is still not clear. 


. HORMONAL LEVELS 

The pig, unlike the sheep and human, ‘h® “"b/S' 

itea throughout gestation. It may be assumed, therefore, th h 
lution of Te ovaries is essential and whatever “"“’h'‘^" ‘h^ 7p,o- 
ilacenta make are not sufficient to maintain pregnancy. The ‘evei j 
-esterone during the first 14 days of gestation is the “ n 

lays of the estrous cycle (5/ ). The level of progesterone m plaOT 
day 14 onward in pregnancy is maintained and docs not tall t 
the cyclic gilt. Plasma progesterone gradually ® seems 

to 40 ng/ml at day 14 to 6 to 10 ng/ml at day 110 '2^. 25) ■ T^ „„e. 

to be little effect of the number of fetuses on the level ot P™8 juj. 

The level of progesterone is not correlated to the number ot enm ) 
viving (34). Plasma progesterone levels remain within the .^pj. 

and corpora lutea remain functional even after all fetuses , pm 

The observation that sows can be detected as pregnant at 4 
fail to farrow can be explained on the basis that fetuses died “ 
but the corpora lutea continued to function for an additional -tion 

Estrogen levels rise at day 23-30 decline and then rise again at pa 


The minimum level of progesterone for maintenance of P^f^ jnd 
near 6 ng/ml in plasma (20). At lower levels the pregnancy i 
higher levels do not appear to increase embryonal survival. It 
the level of progesterone needed to preserve the pregnancy is 
none phenomenon with liille quantitative cficct from various le\ e s. 
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Prepubertal gilts at 4 to 5 months of age can be induced to ovulate and 
conceive but few carry pregnancy beyond 25 days. The uterus apparently 
can accommodate the fetuses but the corpora lutea do not persist, and the 
pregnancy is not maintained. Administration of exogenous progestins by 
the oral or parenteral route will maintain the pregnancy (27). Attempts 
to maintain the corpora lutea of pregnancy by administration of gonado- 
tropins or by other presumed luteotropins have met with varied success. 
This indicates that the prepubertal gilt does not or cannot respond to the 
signals from her embryos as does the sexually mature gilt. 


Vlll. Embryonal and Fetal Survival 

Litter size at birth is affected by the number of eggs ovulated, the pro- 
portion of eggs fertilized, and finally the proportion of embryos and fetuses 
surviving to term. The number of eggs ovulated has been considered earlier 
in Section IV. 

About 28 to 30 % of all embryos die and are resorbed by day 30 of ges- 
tation. Ordinarily only part of each litter in each sow is lost, thus it is ap- 
parently not a contagious disease which spreads from sow to sow or em- 
bryo to embryo ( 44 ). There are some contagious diseases that do cause 
abortion or resorption but these account for relatively few losses and are 
often associated with abortion and mummified fetuses. Nutritional and 
managemcntal regimens have been found to have little consistent effect on 
the proportion of embryos surviving (6). A small proportion of sows do 
carry all embryos to term with no loss. Therefore, the loss is not innate. 


A. SPACE 

There arc a number of possible explanations for embryonal losses. One 
possibility that has been explored quite thoroughly is that each embryo 
has a minimum requirement for intrauterine space ( 15 , 40 ). When less 
than the minimum space is available, some embryos die because of the 
finite size of the uterus, the large number of embryos, and the length of 
the embrj'onic membranes. Several studies have found (hat (he uterus can 
accommodate about twice as many fetuses up to day 30 than arc nor- 
mally present ( 8 , 10 , 15 , 39 , 40 ). Space is not limiting at 30 days but 
at 40 days space docs limit the number of viable fetuses ( 5 /) (Fig. 5). 
Each uterine horn can accommodate about six or sc\cn fetuses to ad- 
vanced gestation and possibly to term. One might surmise from this ol>- 
scr\'ation that the mean litter size for a normal sow with both uterine horns 
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DAYS OF GESTATION 

Fig. 5. Effect of altering the proportion of uterine space available to embryos on 
their survival during early gestation (Webel el at., 51). 


would be two times six or seven for a total of twelve to fourteen fetuses. 
Many sows do realize the full potential while others fall short. 


B. HORMONES 

Because progesterone is one of the hormones essential for maintenance 
of pregnancy it would seem reasonable to think that slight deficiencies m 
progesterone levels in pregnant sows may be associated with a reduction 
in the proportion of embryos surviving. Several experimental attempts to 
supplement the normal levels by administration of exogenous progesterone 
have yielded equivocal results. Evidence obtained by experimentally re<JuC' 
ing or increasing the number of fetuses and corpora lutea has shown 
the number of fetuses does not influence the level of progesterone in the 
blood (5J). The level of progesterone bears little relationship to num- 
ber or proportion of fetuses surviving providing the concentration of pr^ 
gesterone in blood plasma does not fall below about 6 ng/ml when the 
entire litter is lost (20) . 


C. BOAR EFFECT 

Evidence obtained from careful records of the litter size of many so"S 
mated or inseminated to specific boars has shown that the boar can have 
a marked effect on litter size. Because the boar or his sperm are not likd) 
to have an effect on the number of ovulations and because under usua 
circumstances nearly 100% of eggs are fertilized this would indicate that 
embryos and fetuses sired by certain boars are less likely to 
term than those sired by other boars. This, in turn, leads one to think tha 
genetic or fertilization errors may make a major contribution to cmbr>'ona 
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loss. Additional work will be needed to determine the extent of the in- 
fluence of the boar on embryonal survival. 


IX. Parturition 


A. LENGTH OF GESTATION 

“Three months, three weeks, and three days” is an easy way to remem- 
ber the gestation period of pigs. The normal range can be from 109 to 120 
days with most near 114 days and very few at the extremes. The length 
of gestation may be influenced genetically as there is some evidence that 
breed of sow and breed of boar may be involved. The number of fetuses 
in the litter can have an effect with smaller litters being carried slightly 
longer than large litters. The fetus and specifically the fetal head and pre- 
sumably the fetal pituitary have a primary influence on gestation length 
(5, 49). Fetuses decapitated in the uterus at day 45 and allowed to grow 
and develop will rarely be born before day 125. Potent adrenal corticoids, 
given at high doses, will shorten gestation. Inhibition of the maternal pitui- 
tary has little effect on gestation length. 

There seems to be little local effect of the fetus or uterus on the ovary 
in initiating parturition. Sows with ovaries separated from the uterus and 
transplanted to the body wall can be made pregnant by transfer of em- 
bryos. Such sows have gestation lengths that fall well within the usual 
range (52). 


B. HEAD-TAIL ORIENTATION 

Slightly more than onc-half of pig fetuses are presented head first at 
birth. This is much less than the 95% in cows, sheep, and humans (42). 
Some observers have found that the proportion of fetuses presented head 
first is greatest in the first one-half of the litter whereas others found fe- 
tuses were presented head first about 50% of the time at the beginning 
of farrowing with the proportion increasing to 70% in the last one-fourth 
of the litter (Fig. 6). This last observation has been corroborated by not- 
ing the head-tail orientation of fetuses in the uterus. At the lip of each 
horn the heads of fetuses were toward the cervix about 64% of the time 
regardless of whether they had originated from the ovary adjacent to that 
horn or had migrated throughout the entire length of the uterus. TIic means 
by which the embryo, ai an early stage of development, is oriemed with its 
head toward the cervix in the convoluted uterus is a puzzle. 
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PERCENTAGE 

FETUSES 

BORN 

HEAD FIRST 



ORDER OF BIRTH IN LITTER 

Fio. 6. The relationship between anteroposterior presentation of fetuses and their 
order of birth (Rcimers et al., 42). 


C. ORDER OF BIRTH 

When the position of each fetus in the uterus is recorded, and each fetus 
is designated individually by a distinguishing mark during Jate gestation, 
and the order of birth is noted subsequently, several conclusions can be 
reached (Table I). Fetuses do not pass each other in the uterine horns at 
parturition; those nearest the cervix arc bom before those toward the ovi- 
duct {18). Ordinarily fetuses are presented from each uterine horn more 
or less at random so that one uterine horn does not empty completely be- 


TABLE I 

Uterine Position of Fetuses and Order of Birth In the Sow 


Order of birth of fetuses* 


Sow 

identificaiion Left horn Body Right horn 


A 9-8-5-2 
B 6-5.2-I 
C 7-6-5-3-I 
D 13-11-10-9-8-5-2-1 
E 10-8.6-4-3-2 
F 9-6-S-2-I 
G 6-4-3-2 
H 9-5-3-2-1 
I 11-10-8-7-6-4-2 
J 11-1^9-8-2-1 
K 10-9-8-7-6 


1.3.4-6.7-10 

3.4.7- 8-9-10 

2 - 4 - 8 - 9-10 

3.4.6.7- 12-14 

1.5- 7-9.11 
3^7.8.10 

1.5- 7-8 

4-6-7-8-10-11-12 

1-3-5-9-12 

3^S-6-1 

I.2-3-4.5 


* The numbers indicate the order of birth of fetuses. 
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fore some fetuses come from the other horn. Head-tail orientation re- 
mains essentially unchanged during pregnancy and parturition with rela- 
tively few fetuses reversing their head-fail orientation. 

D. TIME INTERVAL BETWEEN PIGLETS AND STILLBIRTHS 

About 5 to 10% of fully formed normal piglets alive before the birth 
process begins are farrowed dead or are stillborn ( 47 , 48 ). Because their 
lungs have not inflated they are presumed to die during the birth process. 
The mean interval between birth of a piglet and a subsequent live litter 
mate has ranged from 13 to 18 minutes. The mean interval from a piglet 
to a stillborn is 45—55 minutes. A delay in passing from the normal loca- 
tion in the uterus to the outside is associated with a high incidence of still- 
births. The incidence of stillbirths is much higher in litters of less than 
four piglets or greater than nine piglets. The incidence of stillbirths is also 
greater in the last few piglets born from the tip of the uterus than in other 
piglets (Fig. 7). About 70% of stillborn piglets are in the last three pigs 
born when the interval between piglets increases (Fig. 8). 

E. INITIATION OF PARTURITION 

As mentioned previously in Section IX, A, the fetal head and presum- 
ably the pituitary play an important role in initialing parturition. The fetal 
adrenal in decapitated fetuses is very small, possibly due to lack of pi- 


CUMULATIVE 

PERCENTAGE 

STILLBORN 

PIGLETS 



OUARTER QUARTER QUARTER QUARTER 


ORDER OF BIRTH IN LITTER 


Fig 7. The relationship between inciUence ot stillbirths and order of birth (Driiit. 
el nl., JSa). 
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MINUTES 

between 

SUCCESSIVE 

PIGLETS 



minutes from ONSET 
OF PARTURITION 


Fio. 8. The relationship between time from onset of parturition 
between births (Dziuk et al., 18a). 


and the interval 


tuitary hormone stimulation. This lack of adrenal fTtmes Further 

siblo for tho prolonged gestation in litters of mentioned 

support for fetal adrenal involvement comes P'®™"®'^ort 5 „ed the 
research in which a potent synthetic adrenal induced 

gestation period. Smaller doses given to fetuses tn the iWe. 

parturition indicating the possibility that the f , tntion re- 
Removal of the ovaries or the corpora lutea at all stages g jy. 

suits in birth of fetuses in 30 to 48 hours. Administration 
tic substances, such as prostaglandin F,., during pregnan y „y^ 

birth of fetuses in about 30 hours in most pregnant sows 
at about 24 hours before parturition, levels of progesterone m 
drop to less than 2 ng/mt coinciding with the regression ot ' 
lutea. At this time there is no definitive evidence that prostagl 
the cause of the normal regression ot the corpora lutea just pnor 
turition. When a second set ot corpora lutea are induced at day ’ 
tation is prolonged to about day 120 indicating the intrinsic 14-a y 
pig corpora lutea and the need for corpora luteal regression bet F 
rition can take place. 


F. LEVELS OF HORMONES ^ 

The concentration of progesterone and estrogens in the blood 
last few days of gestation and shortly after parturition changes co 
and quite sharply (4, 30. JJ). Levels of both hormones have rem 
relatively constant throughout gestation with progesterone gradu 
siding and estrogens rising. Coriicoids, which have been presen a 
but constant level, now suddenly reach a peak many times the usu 
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Relaxm is found in high concentration in corpora lutea of swine a few 
weeks before parturition but blood levels are low, a few days before par- 
turition the level in the blood rises very rapidly reaching levels as much as 
50 times the level at day 105 (45) At 24 hours after parturition, both the 
contents in the ovary and in the blood drop to barely detectable levels To 
what extent the rise m relaxm levels in the blood induces parturition or to 
what extent it is a result of other factors acting at parturition is not known 
A summary of the enigma of the endocrinology of parturition might be as 
follows Progesterone gradually declines then falls sharply just at parturi- 
tion, estrogen nses over a few days, reaches a peak about 16 to 24 hours 
before parturition, and falls, corticoids and relaxm follow the same pattern 
and at essentially the same time scale, cause and effect relationships be- 
tween any of these hormones has not as yet been clearly established 
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PART I THE EWE 


In the past 15 years the owe has become one of the preferred animals fpr 
research on mammalian reproduction This has been a result of economic 
pressures to make livestock production more cfTicicnt and llic realization 
tint not on!> do sheep make useful experimental animals hut also that 
comparative studies enn lead to a better understanding of reproductive 
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nrocesscs including those in man. Many of the 

^a“^d om on shee^p have been done within the ° 

For a comprehensive appreciation of the breeding p 
necessary- to reeognitie that current sheep production „<j. 

into two systems. The classical extensive system is ^ 51> the 

It arose as a consequence of the relegation of the 

poorer grazings. In this system, the time of the ^ i i-,*nns The ewes 

oHspring are closely related to climatic and f i^mbs 

arc usually bred once a year during late autumn “"I* *’’' 5 „ 5 ,cnance 
coincides with the first flush of spring pasture, which pro i 
first for the heavy nutritional demands of the be ati g 
the growth of the weanling lamb. Except for the last 3 .P 

nancy, the growth of the fetus requires little increase in "Utr tional n 
over^he normal maintenance requirement. Under this 
been no requirement and hence no selection for a . outside 

son. Because this system is found mainly m predomi- 

the tropics, the breeding season of these breeds under 

nantly regulated by seasonal changes m ’ ^,hese poorer 

conditions of suboptimal nutrition, as frequently P^PP'"® ° ’pioiion rate 
grazings, fecundity is depressed by a direct reduction ' inability 

or by a natural selection operating against prolificacy throug^^^h 
of the ewe to provide milk for more than one Iamb. Ho ■ jj 

prolificacy is naturally suppressed by nutritional status i g, 3 uj; 

has not been lost. As an example, the ovulation rate of t -ng ,he 

Face ewe can be varied between a mean of one and two y ejten- 

dietary intake (2S). Breeds of sheep, such as this one, breeding 

sive system of sheep management have, therefore, a rcstn 
season and normally give birth to only one lamb. Lontiprds and. 

As social pressures in some countries tend to drive sh p 
hence, sheep from the remoter rougher grazings to the more popu ' 
and more expensive land, another system of sheep ^ ^ ^ for 

This system is enforced by economic pressures. Here the jg. 

an intensive system in which, in order to satisfy both the 
mands and the inherent high capital investment. ' and as 

be produced in batches at frequent intervals throughout the > 
early as possible in the reproductive life of the ewe. To meet . to 
of this system the producer has turned to the reproductwe p y^ jjj.ge(jing. 
produce short-term solutions to problems such as out of seaso 
until such time as breeds of sheep are evolved by selection an 
breeding which, like the present day dairy cow, will breed at any 

ing the year. i. u v features of 

To meet these challenges, we need to understand the basic 
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reproduction of sheep and the endogenous control mechanisms regulat- 
ing the various reproductive processes. Our understanding of reproduction 
in sheep has been markedly advanced during the last 10 years by the re- 
markable advances in methodology for measuring the concentration of 
hormones in blood. 


I. Puberty 

In animals such as the sheep in which reproductive activity is related to 
a seasonally changing environment such as photoperiodicity, the age at 
which puberty occurs, i.e., the time of the first ovulation, is markedly 
affected by the time of year of birth. Lambs of early maturing breeds bom 
in early spring (March— April) will cycle and conceive at 6 to 8 months of 
age, whereas those born in late spring (May-June) may not cycle until 
they are about 16 months old, i.c., the following autumn. The age to pub- 
erty and to first conception is economically important in an intensive sheep 
operation, but on the more marginal grazings it is not considered desirable 
to breed a ewe lamb until she is 1 8 months old. 


II. Seasonality of Sexual Activity 

Over the centuries during which sheep have been domesticated, distinct 
breeds have evolved to conform to particular environmental characteristics 
and management practices. It is now possible to find a complete gradation 
in the duration of the annual season of sexual activity of the ewe, from the 
monoestrous condition of some wild species (58), through the seasonal 
polyestrous state of the majority of domesticated breeds, to the example of 
breeds such as the Merino which, in tropical environments, are able to 
reproduce at almost any time of the year. 

In any breed of sheep, the duration of the breeding season may be con- 
siderably modified by the particular strain being studied, by its geographical 
location, climatic environment, and nutntional slate. Therefore, the param- 
eters quoted for the seasonality and the duration of sexual activity, arc 
average values from which deviations, usually minor, can be found. 

In the past the conventional method of determining the onset and termi- 
nation of the sexual season of the ewe was by means of a marker ram. This 
method is dependent on the seasonality of libido of the ram. Such a method 
records behavioral cstrus and not ovulation and it should be noted that the 
presence of a ram may, under certain conditions, stimulate sexual activity 
in the ewe outside the normal breeding season. The onset and termination 
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Of ovulation can bo detomtined by following the 

ance of corpora lutea. This can bo done “.t nWood 

repeated laparoscopy or by dcterm.n.ng P’=‘™^P™S". when 

samples collected once or twice weekly. Ovulation will ha 
the concentration of plasma progesterone rises 3™'- 

The ovulatory season of the ewe occurs during ““‘“T “‘’p^^ary for 
in northern latitudes the season exten^ from restricted 

most of the lowland mutton breeds. Hill breeds ha javeloped 

season, whereas that of the fine-wool breeds. ’’"I'" ^ changes is 

in warm climates not subject to extreme seasona '"^'^^alily of 
more prolonged. It is possible to recognize a variant ^ yWe 

sexual activity. Some breeds, such as the Ile-de-France ( ). ? 

the Barbary ewe which can exhibit two seasons of “ “3i,^„ation 

from October to January and the other from activity may 

in which sexual behavior during the second period 

be absent, the introduction of an active ram ’="3“ '""j^^Australian 
and successful conception. This situation may also exist in the au 

Under conditions of natural lighting the seasonality of jj^^'^The 
is related to the ratio of the hours of light to the houm be- 

sexual season begins for different breeds at some x 
tween 60 and 120 days after this ratio starts to onder 

northern latitudes. This, however, is only a f „„pub- 

both natural (74) and artiBcial light cycles (4/; ^ „ben 

lished data.), breeds of sheep or individual ewes that s«tt to > 
the light to dark ratio is still increasing can be recognized. Also 
and reared under a 24 hour continuous light regime show, m tn P 
of a ram. fairly regular periods of sexual activity interspersed P 

of anestrus (Robertson, unpublished data.). of *= 

Although much information on the experimental manipu 
sexual season by altering the light cycle has been reported. ^ 4 .^ed 
experiments, and the interpretation of the data obtained, inay 
because the duration of the experiments was too short and tn 
not bom and reared under the experimental light cycles bu 
entrained to light of a different periodicity, e.g.. natural ‘idyhE"'; , „iand 
There is evidence to indicate that in some species the P‘"= ^ of 
through its secretion of melatonin is involved in mediating the ^ 
light on gonadal function. Plnealectomy of the ewe. however, 
affect its seasonal breeding pattern (64). The plasma concentra i j^d 
lactin is higher in both the ram and the ewe during anestrus as 

.. e. .1 :....oo«:asitinn. 


lacnn Ib liignci m uum 4111 s. 141 **. wi— V..W _ 

to the breeding season and this finding merits further investiga i • 
Since the ram shows seasonal changes in libido and to so 
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spermatogenesis, the possible confounding effect of this must be recognized 
in the design of experiments relating to the manipulation of the sexual 
season of the ewe in which the ram is used to monitor her sexual activity. 
Since the seasonal changes in the libido of the ram can be directly corre- 
lated with the plasma testosterone level, which is low at the time of the 
seasonal anestrus of ewes of the same breed and high during the ewe’s 
sexual season, rams would probably be better experimental models than 
ewes for studying the effect of manipulating photoperiod. Plasma testoster- 
one levels could then be used to monitor the sexual season. On the other 
hand, the episodic releases of LH from the pituitary producing fluctuating 
levels of testosterone throughout the day ( 36 ) poses problems of sampling. 

The relationship between photoperiodicity and ovarian activity is more 
complex than many reports and reviews would lead one to believe. This 
complexity is increased when differing responses of different breeds are 
considered. No successful continuous system of breeding ewes on a pro- 
duction basis at 6- to 8-month intervals by the use of controlled lighting 
alone, has as yet, been reported. 

Seasonal changes in temperature do not override seasonal changes in 
natural light photoperiodicity. Ewes maintained in a simulated natural 
lighting regime 6 months out of phase with the normal seasonal lighting and 
hence environmental temperature have a sexual season during the warm 
weather of late spring and early summer and a period of anestrus during 
the colder autumn and winter months (Robertson, unpublished 
data). During hot weather (>25°C), particularly when exposed to un- 
shaded sunlight, rams exhibit reduced libido. Although ovulation may not 
be affected in the ewe during periods of continuously high temperature 
(>35°C), early embryonic loss can be expected This effect on reproduc- 
tive efficiency is not so great when high temperatures during the day are 
interspersed with cool nights. 


III. The Estrous Cycle 

A. GENERAL CHARACTERISTICS 

The term estrus will be used to denote the period of time during which 
the female of most mammals will accept mating by the male. The onset of 
estrus defines the time at which the female first permits mating. Under 
normal conditions, the onset of csirus in the ewe is precisely related in 
time to other physiological events. The day on which the onset of estrus 
occurs will be denoted day 0. Since the time of the onset of estrus can 
readily be determined by using a vascctomizcd ram fitted with some device 
for marking (he ewe when he mounts her, it is a useful reference point 
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{rom which to time the various stages of the estrous cycle. It is arg y 
because these subsequent events can be accurately timed that the ewe 
become one of the favored experimental animals for research o 

reproduction. . , .r 

The most common breeds of sheep have a mean interestrous interval o 
16.5 o 17.5 days (2).The modal duration of sexual receptivity is g 
erally about 30 hours, but the period may be longer for a few bree s su 
as the Merino and Finnish Landrace. Copulation at the time of onset o 
estrus may reduce the time during which the ewe is sexually _ 

Most reports concerning the duration of the estrous cycle are 
observations of evidence of mating made only once or twice a day. 
this procedure, considerable errors in determining the duration may ’ 
Because it is much more difficult to determine when estms ends than w 
it begins, accurate observations on the duration of estrus are limite . 

The ewe is a spontaneous ovulator. In most breeds, ovulation, as e 
mined by laparotomy, usually occurs 24-27 hours after the onset o 
{26, 43), although it can occur later (54). Most breeds shed one or p 
haps two ova. The Finnish Landrace and Romanov breeds regn ar y 
two to five ova. Experiments have demonstrated that the ovulation 
changes with the time of year and the age and nutritional status of t ® ® ' 

The ovulation rate is highest in the middle of the season of sexual ac » 
i.e., the optimum time for fecundity for ewes in northern latitudes is 
ing November. Ewes attain their peak prolificacy at 4 to 6 years of age 
are capable of carrying a Iamb in their 18th year. 


B. THE GROWTH AND ATRESIA OF GRAAFIAN FOLLICLES 

Immediately after ovulation has occurred no follicles larger 
in diameter can be found in the ovaries, but by day 3-4 a Graafian 

4- 5 mm in diameter, capable of being ovulated has appeared . 

least one such follicle can be found at any time of the cycle from day 
until the next onset of estrus {32. 57. 67). It might be assumed t a 

5- mm follicle observable early in the cycle is the one destined to 
at the time of the next ovulation, but present evidence suggests 

not so. A series of follicles grow and regress during the cycle, and ^ . 

which will ovulate is not discernible until 48-36 hours before o^'U a i 


; 24-12 hours before the onset of estrus (75). If 


ruptured 

that a 


follicle is destroyed by electrocoagulation just after osulation so 
functional corpus lutcum docs not develop, the ewe will ovailatc 
about 4 to 5 days later. Wc might conclude from this evidence t a^ 
ewe has an intrinsic follicular and ovulatory cycle of 4 to 5 da>s ‘ 
absence of a corpus lutcum and a 4—5 day follicular cycle without o 
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tion in ,he presence of a corpus lu.euu,. ^.is 

the rat (73) and there are three or ,e. Ovula- 

lar development followed by atresia dunng a "“f™' ^ ^ 

tion of all but one of these follicles is p;„vided by 

functional corpus luteum. Some support for this “"^P‘ ' days 

the observation of a rise in estradiol-1 7,1 in ovanan venou blood o^^ ^ J _ 
2, 8, and 14 UL 50. 70) corresponding to maturation of s 

""m pmolilatory enlargement of a Graafian follicle begins 

the onset of estruV (26) slowly at first, with growth “S -no- ® 

made at about -plS hours, i.e., 8-10 hours befom 

maximum diameter of the follicle before ovulation is „„dl 

The growth and atresia of Graafian follicles presumab y j^ed at 

some time about 60 days of gestation; 5-mm follicles can 
least up to this time. It is not clear whether the subsequent dB PP 
of 5-mm follicles is the result of a change m the „ of a 

licular grovrth per se or whether it occurs as the natural cons q 
transition into the normal period of seasonal anestrus. 

During seasonal anestrus, 5-mm follicles can occasionally be oun 
the ovaries. In the mature ewe, follicular, and hence ^ a 

may be relative, tvith the breed of the ewe. the P-“'f “7". ouies- 

ram, and the type of environment contnbuting to the degt o h 
cence. Very little is known about the mechanisms controlling g 
atresia of Graafian follicles, a situation not unique to the ewe. 


C. SEXUAL RECEPTIVITY ^ 

Behavioral estrus in the ewe normally lasts 24-30 hours but P“ji ^5 
varies. Estrus is induced by the effect of estrogen on the -‘-"''■f 
system. This can be shown experimentally by introducing implanls c ^ 
ing very small quantities of cstradiol-17p into the •'ypothalamu ■ 
very much larger amounts of cstradiol-17p given systemically are ^ 
in inducing behavioral estrus. Progesterone has been shown ,^ 31 - 

crgistic cllect with estradiol- 17p. When it is present or when me 
amus has recently been exposed to progesterone, very low > 
concentrations of estradiol-I7/5 (15 pg/ml) will induce sexual '’'-“1 
The use of progesterone as a primer before treatment with pre^ ^fation 
scrum gonadotropin (PMSG) to induce estrus accompanied y ® 
in anestrous ewes (75, 75. 62) led to the development of a s>-si 
“oul-of-scason” breeding of sheep. , normal 

During a sequence of estrous c^'cles, such as o(Xur dunng 
breeding season, it is fairly clear that a preconditioning period 
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gesterone precedes the rise in plasma estradiol-17^ that induces behav- 
ioural estrus. However, what happens at the beginning of the sexual season? 
Ewes killed just before the first expected estrus of a new breeding season 
have corpora lutea in their ovaries (9, 25). This implies that in the ewe the 
first ovulation at the beginning of a new sexual season is not associated with 
behavioral estrus. The progesterone from the first corpus luteum of the 
season conditions the ewe so that full estrous behavior is manifested at the 
time of the estrogen peak preceding the second ovulation. Under normal 
conditions of husbandry, rams are segregated from the ewes. When the 
rams are introduced to ewes in the transitional stage between anestrus and 
the breeding season, the ewes ovulate within 6 days without exhibiting 
estrous behavior and show full estrous behavior 16-17 days later (22. 71 , 
76 ). Such an effect is also found when ewes can smell and hear the rams 
but have no visual or other contact with them (79). The behavioral aspects 
of estrus in sheep have been well-described ( 3 ) . 

D. OPTIMUM TIME FOR INSEMINATION 

Rams are prodigious in their copulatoiy and ejaculatory capabilities. 
A ram can inseminate a single ewe many times within minutes. When 
there are a number of rams in the flock, a ewe may be inseminated by 
several rams while she is in estrus. The period during which one ram will 
“tend” a ewe in estrus varies. Although artificial insemination (AI) of 
sheep using freshly collected semen has been widely practiced in the USSR 
for many years, AI using fresh semen has been introduced only recently in 
other countries as an adjunct to synchronization of breeding. When freezing 
and long-term storage of ram semen become realities, AI of ewes will be- 
come more widespread. For AI to be successful, we must know the opti- 
mum time at which to carry out this procedure. A number of studies have 
shown that greatest success occurs when the ewe is inseminated about 10 
hours after the onset of estrus with limits between 2 and 15 hours ( 19 , 55 , 
72 ). It is of considerable interest that in wild or feral sheep, such as the 
Soay sheep on St. Kilda, Scotland, it is during the first hours of sexual 
rceeptivity that the dominant rams tenaciously “tend" ewes in estrus while 
subordinate rams spend more time and energy with ewes in late estrus, 
thus promoting selection of the dominant ram’s genes (27). 

E, THE CORPUS LUTEUM AND ITS MAINTENANCE 

Ovulation and the initiation of luteal function m.ay, at present, be re- 
garded as synonymous events. They arc preceded by a pituitary discharge 
of luteinizing hormone (LH) and follielc-stimulating hormone (FSH), 
{ 57 , 60 , 67 ), and a corresponding rise in levels of plasma LH ( 13 ) and 
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f.on in ihn presence of a corpus lu.eum. ™s M.uaUon is sMar .o .hat of 
the rat ( 73 ) and there are three or 0 ™la- 

lar development followed by a.resta dunng a of a 

don of aU but one of these follicles •-“Pr.wfoonLpt is P^ded by 
functional corpus lutcum. Some support for tb.s “"“P P 
the observation of a rise in es.mdiol-t7p tn ovanan venon blood^o^^ 

2. 8 , and 14 (ii. 50. 70) corresponding to maturation of 

“■?^e prtovi'latory enlargement of a Graafian to- 

the onset of estrus (26) slowly a. firs, with S™"'’' ( 45 ). The 
made a. about +18 hours, i.e., 8-10 hours before °™l=hon ( ) 

maximum diameter of the follicle before ovulat.on .s ' „„U 1 
The grotvth and atresia of Graafian follicles presumably condnu^^^^ 
some time about 60 days of gestation; 5-mm follicles 
least up to this time. It is not clear whether the subsequent dis pp 
of 5 -mra follicles is the result of a change in the „„ of a 

licular growth per se or whether it occurs as the natural conseq 
transition into the normal period of seasonal anestrus. 

During seasonal anestrus, 5-mm follicles can occasional > . gpce, 

the ovaries. In the mature ewe, follicular, and hence ovar, n qui« ^ ^ 
may be relative, with the breed of the ewe, the P'«="« “Z 
ram, and the type of environment contnbuting to ^.th and 

cence. Very little is known about the mechanisms controlling g 
atresia of Graafian follicles, a situation not unique to the ewe. 


C. SEXUAL HECEPTIVITY . 

Behavioral estrus in the ewe normally lasts 24-30 hours but 
varies. Estrus is induced by the effect of estrogen on the , 3 -,^ 

system. This can be shown experimentally by introducing impla 
ing veiy small quandties of eslradiol-17)J into the jective 

very much larger amounts of estradiol-17p given systemically ^ 
in inducing behavioral estrus. Progesterone has been shown to 
ergistic effect with estradiol-17p. When it is present or when tn 
araus has recently been exposed to progesterone, veiy ^,y. 

concentrations of estradlol-17p (15 pg/ml) wUl mares 

The use of progesterone as a primer before treatment wath pre^ o^Tilatinn 
serum gonadotropin (PMSG) to induce estrus accompanied oy 
in anesuous ewes (J5, IS. 62) led to the development of a sj 
“out^lf-season” breeding of sheep. . . ^ norma' 

During a sequence of estrous cycles, such as oonir “Unng 
breeding season, it is fairly clear that a preconditioning pen 
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gesterone precedes the rise in plasma estradiol-17^ that induces behav- 
ioural estrus. However, what happens at the beginning of the sexual season? 
Ewes hilled just before the first expected estrus of a new breeding season 
have corpora lutea in their ovaries (9, 25). This implies that in the ewe the 
first ovulation at the beginning of a new sexual season is not associated with 
behavioral estrus. The progesterone from the first corpus luteum of the 
season conditions the ewe so that full estrous behavior is manifested at the 
time of the estrogen peak preceding the second ovulation. Under normal 
conditions of husbandry, rams are segregated from the ewes. When the 
rams are introduced to ewes in the transitional stage between anestrus and 
the breeding season, the ewes ovulate within 6 days without exhibiting 
estrous behavior and show full estrous behavior 16-17 days later (22. 71. 
76) Such an effect is also found when ewes can smell and hear the rams 
but have no visual or other contact with them (79). The behavioral aspects 
of estrus in sheep have been welt-described (5). 


D. OPTIMUM TIME FOR INSEMINATION 

Rams are prodigious in their copulatory and ejaculatory capabilities. 
A ram can inseminate a single ewe many times within minutes. When 
there are a number of rams in the flock, a ewe may be inseminated by 
several rams while she is in estrus. The period dunng which one ram w.l 
“tend” a ewe in estrus varies. Although artificial insemination (AI) of 
sheep using freshly collected semen has been widely practiced in the USSR 
for many years, AI using fresh semen has been introduced only recently in 
other countries as an adjunct to synchronization of breeding. When freezmg 
and long-term storage of ram semen become realities, AI of ewes will be- 
come more widespread. For AI to be successful we must know the opti- 
mum time at which to carry out this procedure. A number of studies have 
shown that greatest success occurs when the ewe is inseminated about 10 
hours after the onset of estrus with limits between 2 and 15 hou (/9 55 
721 It is of considerable interest that in wild or feral sheep, such as the 
Soav sheen on St. Kilda, Scotland, it is during the first hours of sexual 
rccentivitv that the dominant rams tenaciously “tend” ewes in estrus while 
subordinate rams spend more time and energy with ewes in late estrus, 
thus promoting selection of the dominant ram s genes (27) . 

E THE CORPUS LUTEUM AND ITS MAINTENANCE 

Ovulation and the initiation of luteal function may, at present, be rc- 
rardcH -is svnonymous events. They arc preceded by a pituitary discharge 
of lufeinizing hormone (LH) and follicle-stimulating hormone (KH) 
(57 60 67) and a corresponding rise in levels of plasma LH (/J) and 
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FSH (.31). The release of both of these 

the aetion of the estrus-indocmg peak of f ^^,^5 (/ 6 , 34). 

likewise is secreted from the f ,he initiation of luteal 

also under the influence of estradi p nlasma nonadotropins is 

function is concerned, this preovulatory ri P j ,|®, ,his time, 
associated with the entry of LH into "><= Pf LH ' j). it is prob- 

the follicular fluid of the ewe contains >’5 "g/ml .-ells are 

able that after ovulation, the LH are ini- 

occupied by LH and lutemization and secretion of p g 

tinted when this LH stimulates adenylate cj-clase ;„„,^ses. 

Following ovulation the blood ^"PP'^' ‘ luteum, which 

These cells grow and divide forming a solid b y. activity 

attains its maximum morphological size (32. ) vascular- 

by about day 7 (73). At this stage ’^varifn blood flow 

ized gland, receiving approximately 97% of he ^ ^acom- 

(49). This transformation or lutemization of the gra ^ 

panied by the synthesis and secretion of progesteron^ olasma concen- 
Lntration of 0.2 ng/ml, a discernible rise > ^ ^ to 4 

tration of progesterone occurs around day f ,5 houjs before 

ng/ml by day 7, then rapidly declines on day H;’'!;:. concentration 

the onset of the next period of sexual receptivity. The toa inasmuch as 
of 0.2 ng/ml presumably arises from the adrena * and in 

similar levels of progesterone are found m ovanectomizc 
intact ewes during seasonal anestrus. suppress 

The rise in the plasma progesterone which occurs by y 7 ^_^nld 
behavioral estrus and a discharge of pituitary 6 ™o 4 otrop.ns, w 
induce ovulation, in response to the pulse J be assonied 

by the Graafian follicle present at this time (58. 73). It mig 
that the ovulation of two ova, giving nse to two functional ^ plasma, 
would lead to twice the concentration of progesterone P™P con- 

Such, however, is not the case. Although there is evidenc niargi- 

centration of plasma progesterone in ewes with two corpora ^pately, 

nallv greater than that of a ewe with one, it is not possible, ^ 

to select individual ewes for twinning ability by measuring 
plasma progesterone concentrations. . mnu- 

It may be argued that steroidogenesis by cells such as ““sa pf ,hc 

losa layer require the support of gonadotropins and that, in ipjitaxy’- 

nonpregnant, cycling ewe, this stimulus must come hyP®- 

Although the data are not entirely conclusive, '"‘’cnce obtaine 
physectomized ewes suggest that although LH and PRL nm 3 ^ 

capable of sustaining a limited degree of progesterone syntn ’resize 
' required for the corpus luteum of the hypophysectomized jptact 

and secrete amounts of progesterone comparable to those to 



18. REPRODUCTION IN THE EWE AND THE GOAT 485 


animals (17). Also, the infusion of antisera to LH or to PRL, leads 
to a reduction of progesterone secretion by the corpus luteum. Therefore, 
we must conclude that both LH and PRL contribute to the maintenance 
of the functional activity of the corpus luteum of the ewe during a normal 
cycle. 

Figure 1 demonstrates that, as assessed by progesterone synthesis and 
secretion into peripheral circulation, the functional activity of the corpus 
luteum is terminated abruptly on day 15. Because there is no evidence for 
a withdrawal of luteotropic support by the pituitary, there being sustained 
moderate concentrations of LH and prolactin in blood at this time and, 
moreover, the decline in activity is too rapid to be due to withdrawal of 
pituitary support, some other active mechanism must be sought to account 
tor the destruction or lysis of the corpus luteum. If ewes are hysterecto- 
mized during the active life of the corpus luteum, luteolysis does not occur, 
and its life span is prolonged for about 5 months, i.e., the duration of a 
normal pregnancy. Further experiments have shown evidence for the in- 
volvement of a local utero-ovarian interaction, (see Chapter 4). The con- 
cept of a local utero-ovarian cycle has been extended into the hypothesis 
that the functional activity of the corpus luteum is self-regulating: proges- 
terone secreted by the corpus luteum stimulates the endometrium of the 
uterus to synthesize and store (SO) the luteolylic substance. In the ewe 
this appears to be prostaglandin F.« (PGF:„) (42). Increased levels of 
PGF..» have been found in the uterine venous blood of sheep on day 15-16 
of a normal estrous cycle (6). As yet the mode of transfer of PGF.„ from 
the uterine vein possibly into the ovarian artery has not been satisfactorily 
explained. Large doses of PGF^„ given systemieally, or smaller doses ap- 
plied directly to the corpus luteum, slops the synthesis and secretion of 
progesterone within 6 hours. This can be used as an effective method of 
exogenously controlling the ovulatory cycle. It should be noted, however, 
by analogy with the cow that the corpus luteum of the ewe may not be 
luteolyzed by PGF.„ during the first 4-5 days of its life span. The precise 
mode of its action in causing luteolysis is not known. As noted above, 
progesterone stimulates the synthesis and storage of PGF.„ in the endome- 
trium of the uterus but the rapid release that oecurs on day 15 resulting in 
luteolysis remains to be explained. 

Present evidence suggests that estrogen may be involved in the release 
of PGFi„ from the uterus. Estradiol- 17/3, if given in a large enough dose, 
will induce luteolysis when given toward the end of the estrous cycle and 
Ihcrcforc is a prime suspect as the stimulator of the release of PGF.» from 
the uterus. Support for this view comes from the finding that the output 
of estradiol- 17/J in ovarian venous plasma of the ewe rises 48 hours before 
the onset of cstrus, i.e., just before the functional activity of the corpus 
luteum ceases (5, 4S, 70). 
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Many experiments have shown that f 
phase of the cyele by the adm.mstral.on of a J functional 

but not luteolysis, and that ovulat.on Also, it the 

eorpus luteum, only when the „„urs about 

corpus luteum is enucleated during > duration of a normal 

ir“'^ver?erbyX’f^ 

ovulation? 


F. OVULATION 

For some 26-48 hours before the onset of ,^31 will 

before ovulation, a 4-mm folliele can be as the 

ovulate (75) by '^“ch ‘irne it has eomme^eed m 

(with very little estrone) (5, 48, 70). By 3^24 

attained a diameter of about 5 mm but at this time earlier in the 

prologieally from other 5-mm follicles f Wood, 
cycle. The secretion of estrogen, as measured in o and 

rLches a peak about 24 hours before the onset beha 1 
drops again by d-S hours (Fig. 1), i.e., nPP'-°='™“’='y “ ,.3 rnaxi- 
the cessation of sexual receptivity (■'*>• onl’y about 15 

mal level of estradiol- 17)3 in peripheral blood at this t™e >s « 17 
pg/ml, which is only about twice the basal level found dun"^^^ ^ „„|y 
of high progesterone secretion. It is difficult to accept that 

a twofold safety factor between the basal ‘ iological 

required for the induction of behavioral estrus, although Pj (erone. 
effects of estrogen are enhanced by the previous exposure P « dtst 
What initiates estrogen synthesis by the preovulatory follicle^ 
necessary to recall that the preovulatory follicle is not unique . ^ 
to secrete estrogen; other Graafian follicles, which ma 
quence, also secrete estrogen at specific penods dunng '" 7 ^nunone 

assay of the plasma levels of the two gonadotropins, lu enixing^^^^^ 
(LH) and follicle stimulating hormone (FSH), has tmlcd is 

meaningful change in their concentration at the time estrog 3 , ion 

initiated. It is possible that at this time it is not changes m the co 
of these pituitary gonadotropins in blood which are impor .ji^odby 

that the number of gonadotropin receptor sites on the follicle is 
other hormonal changes with the result that the sensitivity or is 

a fixed level of gonadotropin changes. Whatever the mechanism, 

‘ synthesized by the theca interna cells. As noted above, synthesis 
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lion of estrogen by the preovulatory follicle is suddenly shut off at about 
+8 hours after the onset of behavioral estrus, and there is some evidence 
to indicate that this is caused by the high circulating levels of LH (29) 
present in the blood at this time. 

The peak in estrogen level, occurring in the absence of an elevated pro- 
gesterone concentration, not only initiates the onset of sexual receptivity 
some 24 hours later, but also results in the ovulation-inducing discharge 
of gonadotropins from the pituitary at about 4 to 6 hours after the onset of 
estrus (24, 31, 59, 60). Shortly after this, the ovulatory follicle begins to 
enlarge from 5 to 12 mm in diameter, which it attains at the time of ovu- 
lation (-{-27 hours). Because the time from the beginning of the rise in 
peripheral estrogen levels to the onset of estrus is dependent upon the t^te 
of rise and upon the sensitivity of the hypothalamic sex-behavior center to 
progesterone and estrogen, we must expect breeds of sheep to differ in time 
with respect to the interval between luteolysis and the onset of estrus. This 
difference in time to the onset of estrus, by different breeds, may also be re- 
flected in different times between the onset of estrus and the time of the 
peak LH concentration, hence, the time of ovulation. Minor differences in 
reported data shouid be viewed from this standpoint. 

The action of estrogen in inducing a sudden release of gonadotropins 
from the pituitary is mediated or partially mediated through the release 
of gonadotropin-releasing hormone (GnRH), from the hypothalamus 
and, or, by enhancing the sensitivity of the gonadotropin-secreting cells of 
the pituitary to a constant level of GnRH. Experiments on the use of 
synthetic porcine GnRH in a wide range of animals suggest that bath LH 
and FSH arc released simultaneously (33). Although the role of the gona- 
dotropins in initiating or in regulating the growth and atresia of Graafian 
follicles during the estrous cycle is not known, it is accepted that LH is 
the normal ovulation-inducing hormone in the ewe; however, synergism 
with FSH is a possibility. Prolactin also is secreted in large amounts at 
estrus (16, 34) under the stimulus of estrogen (Fig. 1 ). Although we have 
seen that prolactin is required for the subsequent maintenance of the secre- 
tory activity of the corpus lutcum, the role, if any, of the estrous surge of 
prolactin in the ovulatory process is not known. 


IV. Pregnancy 

A. THE PREATTACHMENT PHASE 

Following ovulation the egg passes into the Fallopian tube aided by the 
movement of the fimbriae of the infundibulum. The part played in Ibis 
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transport of the ovum by estrogens and PGFs<» present in the follicular 
fluid at ovulation is not known. 

Fertilization occurs (In the lower region of the ampulla of the oviduct) 
within hours after ovulation. When the cmbiyo has reached the morula 
stage, on day 4, i.e., 72 hours after ovulation, it passes through the utero- 
tubal junction into the uterus. An elevated plasma level of estrogen occurs 
at this time (i/. 40 , 50 , 70 ), and it is worth speculating on whether this 
estrogen peak is involved in the transport of the embryo from the Fallopian 
tube into the uterus. 

For the maintenance of pregnancy, the presence of a functional corpus 
luleum actively secreting progesterone is required. It has been shown that 
when embryos of ewes are transferred to synchronous recipients at any 
time up to day 12 pregnancy can ensue, whereas, when they arc transfened 
after this time, the corpus lutcum is not maintained beyond day 15, 
the time of luteal regression in the normal estrous cycle; consequently, 
pregnancy does not follow ( 65 ). Thus we can say that the maternal orga- 
nism recognizes the presence of an embryo by, or before, day 12 and by 
this time initiates some mechanism preventing luteolysis on day 15. The 
nature of the antiluteolytic and/or luteotropic factor is not known. The 
transition of the corpus luteum from being one of an estrous cycle to one o 
pregnancy has led to the concept of the “maternal recognition of preg- 
nancy,” but is such a phrase valid? If an antiluteolytic or luteotropic factor 
is derived from the embyro itself, then the maternal organism is playing a 
passive or permissive role and does not herself initiate an antiluteolytic 
process. 

The survival of a functional corpus luteum to day 16 of pregnancy, is 
the basis for the first laboratory pregnancy test in the ewe ( 61 ). The index 
of discrimination between the plasma progesterone concentration of 3 
pregnant, as compared with a nonpregnant ewe, over the period day 16-1^ 
is 4:1. A progesterone level >0.8 ng/ml at this time generally indicates 
that the ewe is pregnant; the expected level at this stage of pregnancy h®* 
between 2 to 4 ng/ml as compared with <0.5 ng/ml for the nonpregnan 
ewe. 


B. THE INITIATION OF PLACENTAL ATTACHMENT 

In the ewe the union between the embryo and the maternal uterus is a 
fairly lengthy process. The union is completed when maternal nutrients 
are supplied to the embryo by attachment sites at which the fetal mei”' 
brane interdigUates with the maternal uterine caruncles- To summarize* 
apposition between the uterine luminal surface and the chorionic 
engorged with fluid occurs by day 17. This is followed by adhesion be- 
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tween the chorionic vesicle and the uterine epithelium, and the formation 
of attachment sites which are first visible around day 25-30 (see Chapter 
12 ). 

Classic experiments on implantation in the rat have demonstrated that 
the ovary plays a dual role in the initiation of embryonic implantation in 
this species. First, progesterone from the corpora lutea brings the uterus 
into a receptive state whereas estrogen, primarily from the ovarian follicles, 
is required to initiate implantation of the embryo. 

Experiments on the early removal of the ovaries of the ewe (day 4-7) 
(4, 23, 47, 68) and the adrenals (72) followed by administration of exo- 
genous progesterone or involving embryo transfer into long-term ovariecto- 
mized progesterone-treated ewes (46; Robertson and Smeaton, unpub- 
lished data), have demonstrated that in pregnancy ovarian estrogen plays 
no essential part in initiating placental attachment or in sustaining the 
subsequent pregnancy. 

The finding that in the pig the preattachment chorionic vesicle can syn- 
thesize estrogen in vitro (52) and the demonstration that estrone sulfate 
arising from the embryos can be detected in maternal blood of the pig at 
the time of placental attachment (58) suggests that, as in the rat, estrogen 
may be involved in initiating a local union between mother and embryo m 
the sow, and perhaps also in other species such as the ewe. Estrone sulfate 
has been found in the allantoic fluid of the pregnant ewe at about the time 
that attachment of the embryonic membranes to the maternal uterine 


caruncles occurs (S). . . 

Estrone sulfate, which is water soluble, may be imagined as diffusing 
from the chorionic vesicle at a time when there is tight apposition to the 
uterine caruncles; at the epithelium of the maternal caruncles the estrone 
sulfate is deconiugated and reduced to estradiol-17^ which initiates the 
breakdown of the caruncular epithelium. This leads to the formation of 
attachment sites between the maternal caruncles and the chorionic vesicle, 
these attachments then developing into fully functional placentomes. The 
initial production of estrone sulfate, which is biolopcally inactive, could 
ensure that only those uterine caruncles m apposition to the conceptus, 
and not the whole maternal organism, arc exposed to active estrogens. As 
the embryo and its membranes expand and further elongate new attach- 
ment sites continue to be formed between day 3(^70, during which time 
hiah concentrations of estrone sulfate arc to be found in the embryonic 
flu'^ids (S) The drop in the concentration of estrone sulfate that occurs in 
embryonic fluids about day 60-65 may mark the cessation of formation of 
new .attachment sites, although the sites .already formed continue to increase 
in size for an appreciable time. So far it has not been demonstrated that 
the preattaehed sheep embryo synthesizes estrogens, and ,t may be that the 
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fate should be sought. 


c. THE MAINTENANCE OF PREGNANCY 

For the “ntinuation of pregnancy c 


For the continuation of ° ^cVirs^ 50-60 days. Ovaricc- 

^ecrctinc corpus lutcum is essential during ^,^^_i.y-„ctomy, during this 
“"yrenud^ntion of the corpus 

period will lead to the termination hypophysectomy, 

Livity of the eorpus fu.eo^in that 

which suggests that the 1 luteum hut may also 

only maintains the funct.onul “^'^^“/P.etion by the conceptus^ 

stimulate incrensed progesterone , „PL, (57). Although 

This lutcotropin may be ovine placental ac g parallels the rise 

the increase in maternal tplying a'cause and 

in progesterone over the P 0 "°<* ‘*='!'*°-"'’;hoth ,hese increases maybe 

effect relationship, this may not be the case, as bo increase 

due to the increase in size of the Synthesized by 

in size and number of the placentomes. oP PP Po,d support 

the fetal component of the "fot Sins as to why 

. i„t.iim after day 50-60, tne qucsuon svn- 


the fetal component ot me pmcenro^c. 
for the corpus luteum after day 50-6°. ^ „<.,ivdy syn- 

oPL does not provide support earlier "''>0 occurred if not before, i-c-, 
thesized as soon as placental attachment ^ occurTe ■ aata). 

some 30 days earlier (Chan, Robertson, and Frlesen, 

oPL shows no immunological "7'"=7r°ovine growth hormone, 
placental lactogens or with ovine prolactin ^ port of some 

As previously stated, deroidogenesis roquires tte ^ 

protein hormone, but what substance “s^^^by the chorion itse«. 

Llfate? It is likely that such a P™''’" sulfate synthes. 

bv analogy with human chonomc gonadotropin, if , g. If estrone 

dLs^indfed, precede the formation of the attachment^com^^^^^^ , i, 
sulfate formation begins after attachment h attachment corn- 

more likely that the protein hormone “ P^ the ahanWic fluid of the eivc 
„ 1 >I has been shown to be present in the alianiu j, 


plexes. oPL has been shown to be P^^ . 7 “ ' 3 time of attach- 
^Chan, Robertson, and Ftiesen. ’>"P““‘^’'='',.7“J„centratlon of oPLand 
ment and the very close parallelism that the two 

estrone sulfate in allantoic fluid from day 30 to 65 impli 
may be directly related. This is, as yet. unproved. „„„sterone occurs 

A steep rise in the concentration of maternal P'^^™ by the con- 
between day 60-110 and this is due to '"creased p ^ progester- 

J oc 5 n Qnme snecics. because of an increase 


between day 60-110 and this is due to ^"creaseu V ^ ^ges 

ceptus, and not, as in some species, because of an increase 
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one-binding component of plasma ( 30 ). From day 110 until just before 
parturition the progesterone concentration remains at a level of 12 to 20 
ng/ml. During this time the contribution of the corpus luteum to the 
plasma progesterone pool is very small. It might be assumed that the con- 
centration of progesterone in the maternal plasma during the period be- 
tween day 100-130 would reflect the number of fetuses or placentas, or 
both, and that single and twin pregnancies should be readily recognizable. 
However, although this prediction may be possible statistically, in dealing 
with large numbers, it is far from reliable on an individual basis. This may 
be partly because a single fetus may occupy a disproportionately large 
number of attachment sites in both uterine horns and hence have a greater 
active placental mass per fetus than in the case of twins. This factor reduces 
the index of discrimination below the 2; I ratio for twins versus singles. In 
addition, biological variation among individuals of a group further reduces 
the possibility of accurately predicting the number of fetuses in an indivi- 
dual. The rise in concentration of maternal progesterone from 2 to 4 ng/ml 
at day 60, which is comparable to the peak concentration found during the 
estrous cycle, to a level of 12 to 20 ng/ml by day 110 enables an accurate 
assessment of pregnancy to be made based on maternal progesterone con- 
centration during the last trimester of pregnancy even in the presence of 
cycling nonpregnant ewes. oPL can be detected in serum at about day 30, 
and its presence can be used as the basis of a specific pregnancy test 
in the ewe. 

D. PARTURITION 

The ewe has been used extensively as an experimental model for the 
study of factors involved in parturition (5/). This aspect is covered in 
Chapter 13. 

E. MAMMARY GLAND DEVELOPMENT AND LACTATION 

This area is dealt with in Chapter 14. The ewe should constitute a useful 
model animal for studying the role of placental lactogens in mammary 
gland development using purified preparations of oPL. 

F. SEXUAL ACTIVITY POSTPARTUM 

Although lactation depresses ovarian activity during the early postpartum 
period, the duration of depression being related to the stimulus of being 
suckled, and to the available dietary intake, the major influence on post- 
partum ovarian activity in the ewe is that of season. In the majority of 
breeds, lambs are born during the normal period of seasonal anestrus and 
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this has led to a great deal of confused thinking in which seasonal anestrus 
has been ascribed to lactational anestrus. 

A small number of ewes (5—15%) will exhibit a postpartum cstrus 
within 36 hours of lambing. In this ease, the trigger for the induction of 
behavioral cstrus comes, not from the ovaries, but from the preparturition 
rise in estrogens superimposed upon a declining progesterone concentra- 
tion. At this time there arc no signs of follicular development in the ovaries 
and there is normally no ovulation associated with this cstrus. 

Ewes which lamb during the breeding season and which arc not per- 
mitted to suckle will generally have ovulated by about day 20 postpar- 
tum. Although they ovulate at this time they will not normally conceive 
should they mate, as the involution of the uterus is not complete and the 
uterine environment is not normally conducive to the presence of an em- 
bryo. Conception would normally occur about day 35 postpartum, i-e., 
at the next ovulation. When Finnish Landracc ewes were only permitted 
to suckle their lambs for 24 hours and then were reexposed to rams at 
intervals of approximately 6 months, i.c., in late summer and again in late 
winter, over a period of 2.5 years the modal parturition to conception 
interval was 35 days (7S). Although by no means conclusively proven, 
the onset of postpartum sexual activity may be delayed during the breeding 
season in lactating ewes. The suppression of ovarian activity in well-nou^ 
ished ewes lactating during the breeding season is associated not with 
lactogenesis per se but with the reflex secretion of prolactin from the pitui- 
tary brought about by the suckling stimulus (35). Prolactin would appear 
to be exerting an antigonadal role. 

V. The Exogenous Control of Reproduction of the Ewe 

A. SYNCHRONIZATION OF ESTRUS DURING THE NORMAL 

BREEDING SEASON 

When a flock of ewes are bred during the normal breeding season the 
overall spread of duration of lambing will be about 40 days if those whic 
do not conceive at their firet estrus following exposure to a ram are a - 
lowed to be rebred. This time period consists of two estrous cycles ( 
days) plus a spread of about 6 days for differences in gestation len^ 
About 70 to 80% of the ewes which lamb will do so from mating during 
the first 23 days. Under certain conditions of management, it may ® 
desirable to reduce the period of lambing. This can be done by synchm* 
nizlng estrus and limiting the period during which the ewes are first bred to 
1 or 2 days. The length of the estrous cycle is controlled by the function^ 
life span of the corpus luieum, viz, 15 days, and for 12 of ihe 15 d^ys 
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the ewe is exposed to elevated levels of progesterone. If during the sea- 
son of sexual activity the ewe is given exogenous progesterone, or a syn- 
thetic progestagen, before the termination of the functional activity of 
the corpus luteum, then estrus and ovulation will not occur as a conse- 
quence of the normal luteolysis of the corpus luteum. These will only 
occur when the administration of the exogenous progestagen is stopped; 
estrus occurring at about 36 hours and ovulation occurring in about 60 
hours. In a randomly cycling flock of ewes the exogenous progestagen 
treatment must last for a period of 15 days to ensure that the estrus of all 
animals is synchronized. The most practical methods for administering 
the progestagen are by the use of impregnated vaginal sponges or sili- 
cone implants inserted under the skin. Both of these methods permit a 
slow steady release of the progestagen. 

There is one main problem associated with the synchronization of es- 
trus. The level of fertility is lower than normal and this has been shown 
to be associated with a depression of fertilization due to impeded sperm 
transport. Once ewes have been synchronized they usually remain well 
synchronized through the second estrous period so that treatment can be 
scheduled to breed the ewes at the second rather than at the first estrous 
period thus avoiding the problems of lowered fertility. To be effective, the 
level of exogenous progestagen given must be high enough to prevent 
ovulation and that will be approximately equivalent to the level of pro- 
gesterone found at midcycle. It can be seen that in the extreme case of a 
ewe which has just ovulated before the progestagen treatment is com- 
menced, its uterus will be subjected to the effects of both the endogenous 
progesterone and the exogenous progestagen, i.e., double the normal con- 
centration for about 12 days. This, no doubt, affects the cervical and 
vaginal secretions in such a way as to impede sperm transport. Similarly, 
a ewe which is just about at the end of the cycle when the progestagen 
treatment is commenced will have been exposed to a progestagen for 
twice the normal duration and this may again contribute to a lowered 
pregnancy rate. It should be realized that it successive groups of a large 
number of ewes are synchronized to come into estrus over a protracted 
period of time, a correspondingly large number of rams must be available. 
When the number of rams is limited this will result in a decrease of sperm 
numbers in the ejaculate thus reducing the possibility of fertilization in a 
situation in which sperm transport is impeded (63). 


8. INDUCTION OF FERTILE MATINGS DURING ANESTRUS 

If the ewe is to conceive from a natural mating she must experience 
estrus followed by ovulation. The aucstrous ewe is first preconditioned 
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with a progestagen given via a vaginal pessary or Implant maintained for 
12 days. Pregnant marc serum gonadotropin (PMSG 450 lU) is given 
intramuscularly at the time of progestagen withdrawal. The ewe is sexu- 
ally receptive about 36 hours later and ovulates 60-66 hours after the 
PMSG injection. However, the time to cstrus is variable depending upon 
the half-life of the progestagen used, the dose given, and the breed of 
sheep. Pregnancy rates following such a treatment arc variable, ranging 
from 30 to 70%, although normally a high percentage of the ewes are 
sexually receptive and arc bred. A possible confounding of these results, 
due to a decrease in libido and sperm production of the ram al this sea- 
son of the year, should not be overlooked. It should be noted that al- 
though PMSG has both FSH and LH properties, its role is to stimulate 
follicular development which gives rise to an cstrus-inducing peak of es- 
tradiol-17^ in progestagen-primed animals. This cstradioI-I7^ peak then 
leads to the ovulation-inducing discharge of LH and FSH from the ewe s 
own pituitary, i.e., PMSG does not induce ovulation and luteinizatjon 
directly. At a dose level of 450 lU of PMSG, superovulalion does not 
normally occur although some slight Increase in ovulation rate is seen. 

C. ARTIFICIAL INSEMINATION 

The use of At in sheep has been largely confined to the Soviet Union 
and to eastern and central Enrope, i.e., areas of low labor costs. Russian 
workers break their flocks down to units of 2500 and use vaseclomized 
rams to detect estrus. As ewes are detected in estnis (45) they are in- 
seminated with raw semen collected by an artificial vagina from rams allo- 
cated to the unit, the dilution rale being about 1 :6 with a conception rate 
of 50 to 90% for a single insemination (59). The synchronization of 
estrus, with or without ovulation induction with PMSG, and AI are com- 
plementary in the ewe. On (he one hand, the cost of maintaining the larp 
number of rams required to mate a synchronized flock is prohibitive whil® 
the labor costs of AI in a nonsynchronized flock is again prohibitive. The 
two used together may be economical. For optimum management effi- 
ciency, a single insemination at a fixed time relative to the time of ovulation 
must be used. One of the main pitfalls to success in the use of Al is Ih® 
optimum time of insemination relative to the time of ovulation. There are 
differing opinions on this topic with recommendations when using dilu*^^ 
fresh semen, ranging from “as soon as the ewe is found in estrus” to 12-H 
hours after estrus is first observed, i.e., 16 hours before ovulation. R 
therefore important to know when ovulation occurs relative to the 
ticular treatment being used, and to adjust the time of insemination ac- 
cordingly. This lime to ovulation will vary slightly between breeds. As a 



496 HAMISH A ROBERTSON 

first 40 days of pregnancy ‘'’'= until day 110 before a slow 
nant goat decrease m nct.v.ty of the corpus luteum 

decline to parturition sets in ^c seer penpheral 

tends to follow the change m the size of 'h' nbout day 110 

plasma progesterone i^ad to abortion (10) it has 

(77) Since hypophyscctomy in the g juce a lutcotropic factor, 

been concluded that the conceptus dMS not pr ' ^ ^^,,5 

but this may be a matter of degree The stimulation by some pla 

over the period 40-110 days may the pregnant 

cental luteotropin ^e „f pseudohermaphroditism is 

^rl^y h:;e:ri14?m^^^^^^^ Iban^n any other farm animal 
'^GoaVsemen can be frozen 

tion If goat semen is diluted with an <=88 )ol*. U , j observed 

ImmobiLd after a short penod of made that 

,f lysolecilhin is added to goat semen ^ „ lo,t semen is stored 

this substance, toxic to goat sperm is formed when goat 

m an egg yoll.-conlaining diluler (/) 


REFERENCES (,555, 

1 Aamdal I Lynsset O and Fossom K ''“'‘' /‘''"‘"‘’"'"f'' / J:omell Univ 

2 aSu S A. -Patlerns of Mammalian Reprodncl.on 2nd ed U> 

Press (Comstock) Ithaca, New York 19M 

3 Banks E Bcbmiom li 249 (1964) 

5 ^BlerarnarM « M Nafiolm^F -ramazz. R- 1 

7 Buttle H L Forsyth 1 A and Knae^ G S ^ f ' ,5 (1975) 

8 Carneg e 1 A and Robertson H A Proc Sac S'"*' P 

I’o S'»e“A"T“p\‘i rLJd^T^’ "LndTmdall f S d 

11 SiT'lC^l Maunef’p E and Thortum ^ 

12 Camming I A Baxter R and Lawson R A S / nep 

13 Camming I A de Bloekley M A Winfield C G Baxter R. and G 

14 kVerr-o'-rta's^m^R and Wmtenherger S .'m — ' 

15 Dauaer L. and Wmtenbergen S Ann ^ "* 

16 Davis S L. Reichert L. a Jr and Nls^^c^der G D mot 
(1971) 



18. REPRODUCTION IN THE EWE AND THE GOAT 497 


17. Denamur, R., Martinet, J„ and Short, R. V., J. Rcprod. Fcrt. 32, 207 (1973). 

18. Dult, R. H., L Anim. Sci. 11, 792 (1952). 

19. Dziuk. P. J., J. Rcprod. Fert. 22, 277 (1970). 

20. Eaton, O. N., Amcr. J. Vet. Res. 4, 333 (1943). 

21. Eaton, O. N., and Simmons, V. L., /. Hcred. 30, 261 (1939). 

22. Edgar, D. G., and Bilkley, D. A., Proc. NJZ. Soc. Anim. Prod. 23, 79 (1963). 

23. Foote, \V. D., Gooch, L. D., Pope, A. L., and Casida, L. E., /. Anim. Sci. 16, 
986 (1957). 

24. Coding, J. R,, Calt, K. J., Brown, J- M., Kaltenbacb, C. C., Gumming, I. A,, 
and Mole, B. J., Endocrinology 85, 133 (1969). 

25. Grant, R., Nature {London) 131,802 (1933). 

26. Grant, R., Trans. Roy. Soc. Edinburgh 58, 1 (1934). 

27. Grubb, P., and Jewell, P. A., J. Rcprod. Fcrt. Suppl. 19, 491 (1973). 

28. Gunn, R. G., Doney, J. M., and Russell, A. G. F., J. Agr. Sci. 73, 289 (1969). 

29. Hay, M. F., and Moor, R. M., Ann. Biol. Anim. Biochim. Biophys. Suppl. 13, 
241 (1973). 

30. Heap, R. B., J. Rcprod. Fert. 18, 546 (1969). 

31. THermile, M,, Niswender, G. D., Reichert, L. E., and Midglcy, A. R,, Biol. 
Rcprod. 6, 325 (1972). 

32. Hutchinson, J. S, M., and Robertson, H. A., Rm. Vet. Sci. 7, 17 (1966). 

33. Jonas, H., Salamonsen, L. A., Burger, H. G., Chamley, \V. A., Gumming, I. A., 
Findlay, J, K., and Coding, J. R.,J. Rcprod. Fcrt. 32, 341 (J972). 

34. Kann, G., C.R.Acad. Sci. (Paris) 272,2934 (1971). 

35. Kann, G., and Martinet, J., Nature (London) 257, 63 (1975). 

36. Katangole, C. B., Naftolin, F., and Short, R. V., J. Endocrinol. 50, 457 (1971). 

37. Kelly, P, A., Robertson, H. A., and Fricsen, H. G., Nature (London) 248, 435 
(1974). 

38. Lydekker, R., “Wild O^en, Sheep and Goats of All Lands.” Rowland Ward, 
London, 1898. 

39. Lunca, N., Proc. Int. Congr. Reprod. Artif. Insem. 5th, 4, 118 (1964). 

40. Mattner, P. E., and Braden, A. W. H., J. Rcprod. Fcrt. 28, 136 (1972). 

41. Mauleon, P., and Rougcot, J., Ann. Biol. Anim. Biochim. Biophys. 2, 209 (1962). 

42. McCracken, J. A., Carlson, J. C., Glow, M. E., Coding, J. R., Baird, D. T., 
Green, K., and Samucisson, B., Nature: New Biol. 238, 129 ( 1972.) 

43. McKenzie, F, F., a;id Terrill, C. E., Mo. Agr. Expt. Sia. Res. Bull. 264, 1 fl937). 

44. Meites, J., Webster, H. D., Young. F. W., and Hatch, R. N., /. Anim. Sci. 10, 
4II (1951). 

45. Milovanov, V. K., Trubkin, N. S., Chubenko, 1. V.. Erzin. Z. K., and Mcschakin. 

A. B., “Artificial Insemination of Livestock in the USSR.** Ministry of Agric.. 
RSFSR, Moscow, 1960. 

46. Moore, N. W., J, Rcprod. Fcrt. 43, 386 (1975). 

47. .Nfoorc, N. W-, and Rowson, L. E. A.. Nature (London) 184, 1410 (1959). 

48. Moore, N. W.. Barrett, S., Brown, J. B., Schindler. I., Smith, M. A., and Smyth, 

B. . J. Endocrinol. 44, 55 (1969), 

49. Niswender, G. D., Dickman, M. A., Nell, T. M.. and Akbar, A. M. Proc. Soc. 
Study Reprod. 6, 69 (1973). 

50. Obsi, J. M., Seamark. R. F„ and Brown, J. M., A Rcprod. Fcrt. 24, 140 (1971). 

5L Perry. J. S., J. Reproil. Fcrt. Suppl. J6 (J972). 

32. Perry, J. S., Heap, R. B., and Amoroso. E. C.. Nature (London) 245, 25 (1973). 

53. Phillips. R. W., Simmons. M. A., and Schott, R- G., Antcr. J. Vet. Res. 4, 3(i0 
(1943). 



498 HAMISH A ROBERTSON 


54 Quinlan, I, and Mare, G S, J7tb Rept Director Vet Res Anini Ind Un S 
Afr.p 603 (1931) 

55 RcsiaJ), B J , i« “Arlificial Breeding of Sheep in Australia” (E M Roberts, ed ) 
Unscrsiiy of New South Wales, Australia, 1961 

56. Rcstall, B l^Austr J Esp Agr 4,274 (1964) 

57 Robertson, H A, and Hutchinson, J S M, 7 Endocrinol 24, 143 (1962) 

58 Robertson, H A, and Xing, G i,i Reprod Feri 40, 133 (1974) 

59 Robertson, H A., and Ralha, AM,/ Endocrinol 32, 383 (1965) 

60 Robertson, H A , and Rakha, A M,/ Endocrinol 35, 177 (1966) 

61 Robertson, H A,andSarda, 1 R,/ Endocrinol 49,407 (1971) 

62 Robinson, T J , Nature (London) 170, 373 ( 1952) 

63 Robinson, T J , ‘The Control of the Ovarian Cycle in Sheep " S>dney University 
Press. Sydney, NS Wales. 1967 

64 Roche, J F . Karsch, F J , Foster, D L , Takagi, S , and Dziul. P I . Biol 
Reprod 2,251 (1970) 

65 Rowson, L. E. A , and Moor, R M,/ Reprod Fert 13, 511 (1967) 

66 Roy, A . Nature (London) 179, 318 (1957) 

67 Santolucito, I A , Clegg. M T , and Cole, H H., Endocrinology 66, 273 (i960) 

68 Sarda, I R , Robertson, H A., and Smeaton. T C , Con J Anim Set 73, 25 
(1973) 

69 Saumande, J , and Rouger, Y ,C R Acad Set (Paris) D274, 89 (1972) 

70 Scaramuzzi R J , Caldwell. B V.andMoor.R \i,Btol Reprod 3, 110 (1970) 

71 SchmVel.P G,Austr J Agr Res 5,465 (1954) 

72 Slec.J,/ Agr Set 63,403 (1964) 

73 Sinealon,T C , and Robertson, H A,/ Reprod Fert 25,243 (1971) 

74 Thimomer, J, and Mauleon, P, Ann Biol Anim Biochtm Biophys 9, 233 
(1969) 

75 Thorbum G □. Bassett, J M , and Smith I D,/ Endocrinol 45, 459 (1969) 

76 Underwood, E. J, Shier, F L, and Davenport, N, / Dept Agr West Aussr 
(1944) 

77 Van Rensburg, S Onderstepoort J Vet Res 38, 1 (1971) 

78 Walton P , and Robertson H A, Can J Arum 5ci 54, 35 (1974) 

79 Watson, R- H and Radford, H M Amir J Agr Rej 11,65 (1960) 

80 Wilson, L, Cindella, R Butcher R- L., and loskeep, E IC, / Anitn Sci 34, 
93 (1972) 




Reproduction in the 
Dog and Cat 

G. H. Stabenfeldt and V. M. Shille 


I. Estrous Cycle 499 

A. Puberty 499 

B. Seasonal Incidence 500 

C. Terminology 501 

D. Duration 502 

E. Ovarian Function 503 

F. Tubular Genitalia 508 

G. Pseudopregnancy 514 

(I. Pregnancy and Parturition 514 

A. Gestation and Utter Size 514 

B. Fertilization 515 

C. Oviductal Transport 515 

D. Endocrinology of Pregnancy 516 

E. Parturition 517 

F. Postpartum Ovarian Activity 518 

III. Sexual Behavior 518 

A. Dog 518 

B. Cat 520 

IV. Reproductive Physiology of the Male Dog and Cat . . . 520 

A. Male Genitalia and Accessory Glands 520 

B. Spermatogenesis 521 

C, Semen 521 

D, Artilicia! Insemination 522 

V. Genetic Aspects 523 

References 524 


1. Estrous Cycle 

A. PUBERTY 

Puberty usually occurs at 6 to 12 months in the dog with the female 
reaching sexual maturity several weeks prior to the male { 66 ). Dogs 
usually become sexually mature within 2 or 3 months after reaching their 
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adult body weight (2) As smaller breeds reach adult body size at an 
earlier age, it follows that small breeds usually experience puberty earlier 
than larger breeds Puberty may be somewhat dependent upon the en- 
vironment since free roaming animals become sexually mature sooner 
than kenneled animals (43) 

The onset of puberty m the female cat is influenced more by the time 
between birth and the onset of the breeding season than by age Kittens 
born from October to December may not become sexually mature by the 
next sexual season which starts m January, and thus may be 12—16 months 
old at first estrus This explains the large range of age at first estrus re- 
ported for cats, namely, 6-8 months with an average onset of 1 1 6 
months (59) These findings are similar to those reported by Klug (6J) 

B SEASONAL INCIDENCE 

Although many breeders believe that there are two breeding seasons 
a year for the dog, examination of American Kennel Club records fails 
to show a bimodal curve for onset of estrus Asdell (5) and Chnstie 
and Bell (75) likewise did not find a bimodal distribution of estrous pe- 
riods m a study of 1561 cycles, although more cycles occurred during 
the first half as compared to the latter half of the year (Fig 1 ) It is also 
of interest that estrous cycles occur dunng all seasons of the year Thus 
the use of the term monestrous is appropnate for describing the occurrence 
of estrus in the dog 

A seasonal incidence of litters has been reported for the cat with l"0 
peaks noted, one m the spring and one dunng mid- or late summer 
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(75, 82 ). The timing of this bimodal incidence of litters is probably due 
to the duration of gestation in the cat (approximately 2 months) and the 
occurrence of an anestrous period during the fall and early winter. Fertile 
matings in January would result in litters being delivered in March with 
rebreeding occurring again 4-6 weeks later with the subsequent delivery 
of another litter in midsummer. Although some cats have three litters a 
year, the average is closer to two per year (75). 


C. TERMINOLOGY 

The terminology originally developed for the dog included anestrus, 
proestrus, estrus, and metestrus. Metestrus has been used to indicate both 
metestrus and diestrus, as used in other animals having estrous cycles. In 
addition, metestrus in the dog has been further divided into metestrus I 
and II, i.e., the first and second halves of the luteal phase. The problem 
of terminology is due, in part, to the fact that the bitch remains sexually 
receptive for a number of days after ovulating and at a time when newly 
formed corpora lutea are developing both structurally and endocrino- 
logically, in contrast to the large domestic animal species in which sex- 
ual receptivity usually terminates within hours after ovulation. Holst and 
Phemister { 51 ) observed a sharp decline in comified cells from the va- 
ginal epithelium about 3 days before the end of estrus. They have sug- 
gested diestrus be used for the luteal phase of the cycle and that this phase 
begin the first day there is a significant decline in the cornified cells, ac- 
companied by a concurrent rise in noncomified cells, as seen in the va- 
ginal smear. The suggestion has also been made that the term metestrus 
be used to designate not only the time of the cycle involving luteal ac- 
tivity but also the time required for tissue repair following progestational 
stimulation (55). The authors feel the simplest approach is to recognize 
that metestrus (early luteal function) occurs during the latter part of 
estrus in the dog { 51 ) and to use the term diestrus for the luteal phase of 
the cycle beginning with the loss of sexual receptivity. 

The terms anestrus, proestrus, estrus, and metestrus have been used 
to describe the estrous cycle of the cat. The use of (he term metestrus 
should be confined to the early developmental stages of the corpus luteum 
as used in other species. As will be discussed later, corpora lutca are only 
present in nonpregnant animals if a sterile mating occurs. The cat is sim- 
ilar to the dog in that the female slays sexually receptive for a few days 
after ovulation, even in the presence of active corpora lutca { 71 ), Thus 
metestrus (early luteal function) occurs within estrus as for the dog. The 
term diestrus would be preferable for the period during which corpora 
lutca arc functional in the nonpregnant cat. 
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The cat undergoes periods of ovanan quiescence, anestrus, during the 
fall and early winter, with resumption of cyclic ovarian activity begin- 
ning often in January in the temperate zone. 


D. DURATION 

The original concept of two estrous cycles a year for the dog appears 
to be erroneous as most reports indicate an average interval of 7 and 8 
months (2, 73). There is a tremendous variation in the duration of es- 
trous cycles with a range of from 16 to 56 weeks reported (73) (Fig. 2). 
There appears to be less variability within animals than within the breed. 
Although significant breed dilFerences are not the rule, some breed dif- 
ferences are significant, i.e., 26 weeks for the Alsatian dog versus 33.5 
weeks for the standard dachshund (33). The Basenji is an exception to 
the average 7-month interval in that only one estrus occurs each >ear, 
usually in the fall (33). The condition appears to be caused by a reces- 
sive gene (.78). 

Christie and Bell (73) found no relationship between breed size and 
estrous cycle interval. They did observe that pregnant bitches had signi- 
ficantly longer intervals (32 weeks) between heats than nonpregnant dogs 


90 , 



Inttnal Utvetn ettrous ptriodt 

Fig. 2. Frequency di&lribunon of the duration of estrous cj'cJc inlenals m 
dog Adapted from Chrislic and Belt {13}. 
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(29 weeks). Similar findings were reported by Concannon, Hansel, and 
Visek (/S). These reports are in contrast to an earlier one in which non- 
bred dogs had estrous cycle intervals that were 16 days longer than those 
of pregnant animals (2). 

The authors have observed a tendency for older dogs to have increased 
intervals between estrus. There does not, however, seem to be any reduc- 
tion in the conception rate as a result of the prolonged cyclic intervals. 

Each component of the estrous cycle of the dog is relatively long in 
duration as compared to the large domestic animals. The generally ac- 
cepted values include: 9 days for proestrus (range 3-16), 9-10 days for 
estrus (range 4-12), 75 days for diestrus (range 51-82), and 125 days 
for anestrus (range 15-265) (2, J8, 27, 85). The greatest source of vari- 
ation in the duration of the estrous cycle length is due to anestrus, although 
the length of diestrus is very dominant in the dog. 

The length of the estrous cycle in nonpregnant cats is dependent upon 
coital contact with a male. In anovulatory cycles, the intervals between 
the beginning of successive estrous periods are variable, although they are 
often 2-3 weeks in duration (71) (Fig. 3). The estrous cycle intervals in 
cats that ovulate but fail to conceive is longer, averaging about 6 weeks in 
duration with a range of 30 to 75 days (31, 71). 

Proestrus is 1-3 days in length in the eat (69). The duration of estrus 
appears to be influenced by the occurrence of ovulation, in that ovulating 
cats had estrous periods of 5.7 days whereas the same cats had an average 
interval of 8 days if ovulation did not occur (71). These results agree with 
previous reports (63, 82). 

E. OVARIAN FUNCTION 

An extensive presentation of the morphology of the canine ovary can 
be found in the recent book of Andersen and Simpson (/). 

1. Folliculogenesis 

The follicular phase of the estrous cycle of the bitch is unique because 
of its length — an average of 13 to 14 days being required for follicular de- 
velopment prior to ovulation. Effects of estrogens secreted by the follicles 
are manifested within several days after the start of follicular growth by 
vulval swelling and discharge from the e.\ternal genitalia. This period 
(proestrus) is unique in the dog because of its length and because of the 
distinct genital tract changes associated with it. 

Follicular development leading to the occurrence of the first estrus and 
ovulation at puberty in the dog appears to start abruptly without previous 




Fig 3 Luteal actaity in a cal <Iunng nonferlile ovulatory and anov'uJalory 
No coual contact was allowed wuh a male during August The horizontal 
represent the dajs of sexual receptivity as determined fay behavior of the fema e 
The number of copulations each day of estrus are indicated below the horizonta 
boxes The estimated day of ovulation is indicated by an arrow From Pojpc ^ 
{ 71 ) 
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anovulatory waves of follicle growth (58). This is also probably true in 
sexually mature animals. 

The follicular phase of the estrous cycle of the cat lasts 5-6 days if 
ovulation occurs. While the growth period prior to the onset of proestrus 
is relatively short (1-2 days) as in the dog, proestrus is much shorter in 
the cat (2 days). The reason for the longer period of estrogen secretion in 
the dog prior to the ovulatory release of gonadotropins as compared to 
the cat is not apparent at the present time. If an ovulatory coital stimulus 
does not occur, follicles tend to undergo periods of growth, maintenance, 
and regression over 10- to 12-day intervals in the cat. A new wave of fol- 
licles begins within a few days with the recurrence of estrus soon after. 
Considerable variation in the duration of estrus in nonovulating cats exists 
with some animals remaining sexually receptive most of the time suggest- 
ing that continual patterns of follicle growth occur in some individuals. 

2. Ovulation 

Andersen and Simpson (1) and Smith and McDonald (85) have re- 
ported the occurrence of ovulation during the first day of estrus. Phemister 
et al. (72) found most ovulations (Z4%) occurred on days 1-4 of estrus 
with the mean value being day 2.9. They did, however, report a wide range 
of values with ovulation occurring as early as 2 days before the onset of 
heat and as late as 7 days after onset. Andersen (personal communica- 
tion) has suggested that younger bitches may ovulate earlier in the es- 
trous period than older, more experienced females. More experienced 
dogs may be behaviorally more responsive to estrogen and show sexual 
receptivity earlier in relationship to the increase in levels of estrogen. As 
a result, ovulation would occur later in relation to the onset of sexual re- 
ceptivity. The variation in the time of ovulation as compared to the onset 
of estrus is undoubtedly a function of the variability of the onset of sexual 
receptivity since the endocrine events that precede ovulation appear to 
be relatively uniform in their temporal relationship. It is likely, however, 
that ovulation occurs around the time of first acceptance of the male and 
that failure to observe this in some studies may be the result of males fail- 
ing to show interest because of preferential breeding habits (5). 

The cat is an induced ovulator requiring a coital stimulus for ovula- 
tion. While a single coital stimulus may be sufficient for some cats (71). 
it is apparent that repetition of the coital stimulus may be a prerequisite 
for ovulation in others (36, 64, 82). Recently the authors (unpublished 
observations) have observed ovulatory failure following three sexual con- 
tacts within a 30-minutc period. As pointed out by Grculich (id), the 
onset of sexual receptivity in iJie cat may not always coincide with the 
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requisite ovarian conditions necessary for ovulation. In other words, sexual 
receptivity may occur before follicles can respond to the gonadotropin 
surge which presumably precedes ovulation in the cat. 

The coitus-to-ovulation interval in the cat is quite variable with a range 
of 25 to 50 hours reported (36, 64). More recently, Paape e/ al. (7i) 
reported an average interval of 45 hours; this is probably an overestima- 
tion of the interval. It remains to be tested as to whether or not this vari- 
ability is due to variations in follicle maturation at the time of coitus or 
variations in the intensity of the coital stimulus, or both. Ovulation has 
been induced in cats by stimulation of the va^nal tract by a glass rod 
(36). In the authors’ experience, the stimulation of ovulation by artificial 
means requires sufficient penetration of the vaginal tract to cause the top- 
ical postcoital reaction of the female. 

The endocrinology associated with follicular development and ovula- 
tion in the bitch is similar to that reported for other species (Fig. 4). The 
increased estrogen production during proestrus is followed by an ovulatoty 
surge of LH at the beginning of estnis (IS, 52, 57, 70, 85). The ovulatory 
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surge of LH appears to be of longer duration than for most other species 
in that LH values have been reported elevated over basal levels for as long 
as 48 hours. The LH surge is closely related to the onset of sexual recep- 
tivity as LH peaks were observed either on the last day of proestrus or the 
first day of estrus (18, 85), while Phemistcr et al. (72) reported that the 
interval between estrus and the LH surge is close to 48 hours. 

The interval between the first and last ovulation in the dog has been re- 
ported to extend over a period of 12 to 72 hours (37). However, other 
reports indicate that ovulation of all follicles is almost simultaneous taking 
only a few hours for completion (1, 27). The latter possibility appears to be 
the most likely pattern of ovulation. 

The authors are not aware of any endocrine data concerning the pre- 
ovulatory and ovulatory events in the cat. 


3. Luteal Activity 

The dog is unusual in that luteal activity is essentially of the same dura- 
tion whether or not pregnancy occurs. The typical pattern of luteal func- 
tion in the nonpregnant bitch is as follows: peak luteal activity occurs at 
about 20 days postovulation and is followed by the establishment of a 
transient plateau. This plateau is followed by a prolonged decline in luteal 
activity with regression being completed by about the 75th-80th day 
postovulation (15, IS, 85, 91) (Fig. 5). 

Corpora lutea in the nonpregnant cat are formed only after nonfertile 
coital stimulation. When luteal function was studied following nonfertile 



Fio. 5. Lulcal aclivhy (progeslerone levels) in nonbretl ( ), slcrile*brcd 

pseudopregnant ( ), and pregnant (-•-■) dogs. The data arc from Smith and Mc- 

Donald (SJ). 
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coitus, the average life span of the corpora lutea was 36 5 days {71) 
Peak luteal activity occurred by day 16 or 17 postovulation and was fol- 
lowed by a plateau of luteal activity for about 1 week Gradual regression 
of the corpora lutea then occurred over a 2-week period (to day 36 post- 
ovulation) (see Fig 3) 

A graphic summary of the relationship between sexual receptivity, ovu 
lation and corpus luteum life span is shown in Fig 6 


F TUBULAR GENITALIA 


Sokolowski et al (SS) have reported in detail the gross and microscopic 
changes of the reproductive tract of the bitch dunng the estrous cycle 
The tubular genitalia of the dog are veiy responsive to the endocrine 
changes which occur in association with follicle growth and luteal activity 
The external genitalia begin to enlarge within a few days after follicular 
grovvth begins This enlargement and the increased discharge from the 
vulva are the main signs which signal the onset of the cycle The mam 
changes that occur within the tubular system involve hyperplasia of the 
epithelium of the vagina, growth of the endometnum, and bleeding from 
the endometnum 

The uterus of the bitch rapidly mcreases m size dunng the early part 
of the luteal phase of the cycle due to the proliferation of glandular ele- 
ments A corkscrew-type appearance has been asenbed to the uterus at 


this time (5S) 

The uterus of the dog appears to be unusual m its exaggerated response 
to progesterone Utenne involution is not complete in the nonpregnant 
dog until 120-150 days postovulation and, often, not until after 150 days 
postovulalion in the pregnant animal (/ 88) (Figs 7 and 8) This pro- 
longed involutionary period probably is associated with the prolonged 


luteal phase of the cycle coupled with an apparent genetic sensitivity to 
progesterone These prolonged penods of endometrial progestational stim- 
ulation normally produce glandular hyperplasia and minor cyst formation 
Repeated cycles of hyperplastic change in the endometnal glands may 
to a persistence of these changes beyond the usual recovery penod of th^^ 
endometnum This, in turn can establish an environment which is con- 


ducive to the development of cndomctntis and pjometra (22) 

Dunng procsinis, growth of the vaginal squamous epithelium with com 
ificalion of the superficial layers occurs m response to the rising foUicuia 
estrogens This thickened epithelium presents a barrier to the movemen 
of neutrophils into the vagina The proliferation of the endometnal vas 
cular system during estrogen induced endometnal growth allows the dia 
pcdcsis of red blood cells into the utenne lumen Thus the uterus ts t ^ 
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Fio 7 (A) The endometrium of a dog 120 days after the onset of estrus Clumps 
of exfoliated epithelial cells are still common m the lumen of the uterus (arrow/ 
X 35 (B) A higher magnification of the same section showing that epithelial 
)s still irregularly arranged and partially denuded areas exist (arrow) X ^75 Th 
photomicrographs are from Andersen and Simpson (/) 


source of the red blood cells that appear jn the vaginal smear Comifica' 
tion of epithelial cells is maximal at the beginning of estrus The vagina 
epithelium is maintained in a slate of comification during declining estri^ 
gen levels for at least 5 days after ovulaiion As estrogen levels dimtnis 
and progesterone levels rise after ovulation, the appearance of the ex- 
foliated vaginal epithelial cells changes dramatically within 1 or 2 da>s 
Deprived of estrogenic stimulation, the vaginal epithelium diminishes m 
thickness and noncornified cells reappear Neutrophils again arc able to 
pcnclraic the epithelium and thus appear in great numbers during late estrus 
and early metestrus Endomctnal capillary growth ceases and with t ® 
cervix closed, the red blood cells do not appear in the vaginal smear 

Gross changes of the external genitalia of the cat arc not as marl-cd as 
m the dog The amount of swelling associated with the external gemt^ i 
and the amount of discharge arc considerably less m the queen Howc'cr, 
the sequence and degree of endometrial change arc similar to those 
senbed for the bitch (2S) 

Changes in vaginal exfoliative cells can be used to determine the 
of the cstrous cycle of dogs and cats with considerable accuracy ' 
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Fig. 8. (A) The endometrium of a dog 138 days postcoilum (10 weeks post- 
partum). The endometrium has become reduced in thickness and sloughing is dimin- 
ishing. The arrow points to a uterine gland shown in (B). X 30. (B> A higher 
magnification of the same section showing desquamation of surface epithelial cells 
within a uterine gland. Plasma cells and macrophages are present in the stroma. 
X 250. The photomicrographs are from Andersen and Simpson (/). 


S2) (Figs. 9 and 10). Schutle (76) has developed a procedure which dif- 
ferentially determines the proportion of exfoliated cells termed anucJear, 
superficial, large intermediate, small intermediate, and parabasal cells as 
a function of the stage of the cycle. Christie et al. (Jl) have simplified 
Schutte’s classification by adopting the method of Wachtcl (94) which 
recognizes the intermediate cells as one type of cell. The main changes ob- 
served arc a rise in the proportion of anuclcar and superficial cells during 
procstrus and cstrus, and an increase in the number of intermediate and 
parabasal cells at the beginning of diestrus. The “eosinophilic index” has 
also been used as an indicator of the stage of (he cycle (14). The index 
refers to the percentage of cells (excluding parabasals) that stain orange 
when exposed to the Schorr trichromc stain. The eosinophilic index in- 
creases rapidly during procstrus becoming as high as 90C^ at the end. 

Although some investigators have placed less emphasis on the value 
of vaginal smear cytology in the bitch, the technique is valuable for as- 
sessing ilic stage of the cstrous cycle, particularly in reference to ovula- 
tion. Peak cornification of the vaginal epithelium usually occurs on the 
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Fig. 10. Exfoliated vaginal cells from a cat in early estrus. Superficial cells are 
distinguished from intermediate cells by presence of small pyknotic nuclei. Courtesy 
of S. Paape. x 250. 

first or second day of estrus. Thus if sequential vaginal smears have been 
obtained, the time of ovulation can be predicted to be close to the first 
time that vaginal smear cytological changes show only anuclear and super- 
ficial cells. A number of cases have come to the authors’ attention of ap- 
parent reproductive failure in which animals were presented as just be- 
coming sexually receptive, whereas vaginal smear cytological examination 
and peripheral blood analysis for progesterone (verification of ovulation) 
revealed that ovulation had occurred several days previously and that the 
onset of sexual receptivity had not been accurately determined. Instances 
of prolonged proestrus followed by normal sexual receptivity and ovula- 
tion also have been observed by the authors and others (97), The use of 
vaginal smear cytology is obviously also of benefit in these cases. It is 
worth emphasizing that ovarian and endocrine changes proceed concomit- 
tantly and that the progression of these events is reflected quite well in the 
cytology of the vaginal smear. 

The use of the vaginal smear in the cat to predict ovulation is not valid 
because the cat is an induced ovulator; however, it may be used to con- 
firm behavioral estrus. Vaginal smear cytology is usually used as a re- 
search toot in the cat. 
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a PSEUDOPREGNANCY 

Pseudopregnancy is often used in conjunction, or synonymously, with 
the luteal phase of the esirous cycle of the nonpregnant dog. Some ani- 
mals will show a gradual deposition of abdominal fat, mammary gland 
development, and may even manifest mothering tendencies (nest building 
and/or lactation) at approximately 60 days postovulation (96). There 
is considerable variability among dogs as to the intensity of these mani- 
festations during the luteal phase with minor changes occurring in most 
of affected animals. The incidence of clinical signs of pregnancy in non- 
pregnant dogs is probably low, as Andersen and Wooten (2) have re- 
ported a 3% incidence in normal virgin beagles maintained in a large 
colony. Fidler et al. (29) found an incidence of 19.5% of the condition 
in 245 normal estrous cycles Frost (22), however, observed an incidence 
of up to 40% in a series of dogs be examined. The authors feel the term 
pseudopregnancy or false pregnancy should be reserved for only those 
nonpregnant animals that manifest obvious clinical signs of pregnancy. 

TTie basis for the development of signs of pregnancy in the absence 
of a developing fetus is most likely endocrinological in origin. Smith and 
McDonald (85) have shown that progesterone secretion per se is not the 
cause of lactation in nonpregnant dogs in that progesterone levels in these 
animals are equivalent to those in nonpregnant, nonlaciating dogs at all 
stages of the estrous cycle (Fig 5). The role of prolactin in this syndrome 
awaits investigation. 

Pseudopregnancy occurs in the cat following ovulation coupled with 
fertilization failure. Foster and Hisaw (31) presented evidence to show 
that the pseudopregnancy in the cat lasted for about 6 weeks. More re- 
cently, Paape et al (71) reported that the average interval between es- 
trous periods is 41 days in pseudopregnant cats (range, 30—73 days)* 
In this study, most cats showed signs of sexual receptivity within a week 
after regression of the corpora lutea (approximately day 36 postovula- 
tion). The signs of pscudopregnancy are considerably less pronounced m 
the cat than in the dog. 


li. Pregnancy and Parturition 
A. GESTATION AND UTTER SIZE 

Failure to determine the exact time of ovulation and fertilization niaV.es 
it difficult to state precisely the duration of gestation in the bitch. Hoht 
and phemister (57) found an a\erage interval from breeding to parturi- 
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tion of 63.6 days with equal numbers of animals delivering on days 62-66 
of gestation (range, 59-68 days). 

The gestation period of the cat is almost identical to that of the dog in 
terms of average length (63 days) and variability (58-65 days) (66). 

Litter size in domestic dogs varies considerably. Larger breeds often 
will have eight to twelve pups (highest recorded number = 23) while toy 
breeds often average one to three pups per litter (10). The average 
litter size in colony and free-living cats in the United States was found to 
be 4.03 and 3.88, respectively (81), and 4.8 in colony cats in Germany 
(59). 

B. FERTILIZATION 

The time of fertilization of the ova in the dog appears to be later than 
previously thought. Phemister el al. (72) presented evidence that the ca- 
nine ovum may require 2 or 3 days following ovulation before it can be 
fertilized. This is probably due to the fact that the dog is one of the few 
species in which ova are released prior to the formation of the first polar 
body, i.e., released as primary oocytes (64). 

The longevity of spermatozoa in the reproductive tract of the female dog 
is striking as compared to many mammalian species. Doak et at. (21) found 
undiminished concentrations of motile spermatozoa in the uterus for up to 
6 days postinsemination and in lesser amounts for 1 1 days postbreeding. 
In addition, Holst and Phemister (51 ) have shown high levels of fertility 
are attained by a single breeding over a range of 3 to 10 days prior to the 
onset of diestrus. Thus it appears that a major portion of the apparent 
longevity of canine germ cells, in general, comes from the ability of sper- 
matozoa to survive for long periods of time in the uterus. 

The time limits for fertilization of the ovum of the cat have not been 
established, although it is likely to be similar to most mammalian species 
(12-24 hours) in that the ova arc in a more advanced stage of develop- 
ment as compared to the dog at the lime of ovulation (first polar body al- 
ready formed). The duration of viability of spermatozoa also is not estab- 
lished, but it is likely to be at least as long as the interval from ovulatory 
coitus to the time of ovulation (24-48 hours). 

C. OVIDUCTAL TRANSPORT 

A range of 4 to 10 days has been reported for the interval between the 
lime of coitus and the entry of zygotes into the uterus of the dog (26, SO). 
Because of the period of time required for oocyte maturation prior to fer- 
tilization, it is probable that this is an ovcrcsiiniation of the lime required 
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for oviductal transport in the dog. The duration of oviductal transport in 
the cat has been reported to be a 4-5 days postcoitum (J, 49) or 2-4 days 
following fertilization. The administration of estrogens during the time of 
oviductal transport can interfere with fertility in both the dog and the cat 
(49, 60) through retardation of :^gote transport and development. The 
temporal relationships during gestation in the dog and cat are shown in 
Table I, 


D. ENDOCRINOLOGY OF PREGNANCY 

Both the dog and the cat are dependent upon the ovary for the main- 
tenance of pregnancy for most, if not all, of gestation. Sokolowski (^7) 


TABLE I 

Temporal Relationships in Pregnancy of the Dog and Cat* * 

Event Tjme(d3>s) 


1. Ovum m oviduct 

2. Morula in oviduct 

3. Free-floating blastocysts m uterus 

4. Implancacton. pnmittve streak formation 

S Utenne enlargement 6rst seen on radiographs 

6. Pregnancy palpable through abdomen, swellings are first pear- 
shaped. then spherical, finally ovoid 

7. Canine body charactenstics recognizable, ^elids dev eloping, sex 
determination possible. Uterus folding over, may cause discom- 
fort Female shows lowered hemoglobin. leukoc) losis, and in- 
creased sedimentation rate 

8 Uterus obviously enlarged 

9. Eyes closed, lids fused, claws on digits, hair begins to grow. Scro- 
tal and vulval tissue prominent color markings appear 

10. Partial ossification first observable on radiographs 

1 1 . Ossification recognizable on radiographs. Mammae begin to grow 
and feel turgid 

12. Pregnancy again palpable throu^ abdominal wall, radiographs 
more reliable, ultrasound reliable for pregnano' diagnosis 

13 Fetus 102 mm m size 

14 Radiographs may be used to mcasute size of fetuses. Haircoat is 
developed 

15 Dam shows gradual drop in body (cmperature until lowest point 
(98°-99*F) IS reached about 24 hours before partuntion 


1-8 (dog and cal) 

5- 12 (dog) 

6- 20 (dog) 
12-J5(cai) 

17-21 (dog) 

21 (cat) 

21-35 (dog) 

35 (dog) 


35 (cat) 

40 (dog) 

40 (cat) 

45 (dog and cat) 

50 (dog) 

50 (cat) 

55 (dog) 

about 63 fdo£) 


• Adapted from Boyd (9). Evans (26), Holst and Phcmislcr (50). Lamm (62), and T«cu 
and Hcnschcl (92). 

* Day 1 IS day of coitus. 
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found that ovariectomy in the dog as late as day 56 postbreeding resulted 
in premature termination of gestation. The cat may be less dependent upon 
the ovary in the latter part of gestation in that it has been found that ovar- 
iectomy before day 46 of pregnancy, but not after day 49, will cause abor- 
tion (,38) as quoted by Asdell (4). 

An enhancement of luteal function has been reported for the pregnant 
dog as compared to the nonpregnant dog beginning at about 1 5 days post- 
ovulation (85). This increase in progesterone secretion suggests the pos- 
sibility of a placental luteotropin as implantation begins at about this time 
(50). Other workers, however, have not found an enhancement of luteal 
activity in the pregnant dog (18, 40). While Concannon et al. (18) have 
found higher levels of estrogens in pregnant versus nonpregnant dogs, 
others have found no difference (24, 39, 40). 

The termination of pregnancy in the dog is preceded by the regression 
of corpora lutea and a decline in progesterone has been noted about 24 
hours prior to delivery (18, 40, 85). Thus luteal function in the dog is 
longer in nonpregnant animals than in pregnant ones. 

E. PARTURITION 

The normal sequence of events at parturition is somewhat similar in the 
dog and cat. Parturition is preceded by an increase in restlessness and a 
decrease in appetite. In the dog, there is a decided drop in rectal tempera- 
ture that reaches its lowest point about 24 to 48 hours before delivery, la 
both species, nesting behavior is intensified and antagonism to strangers 
is increased just prior to delivery. Also at this time the vulva becomes re- 
laxed and clear mucus may be passed. Uterine contractions are manifested 
in the dog through sharply increased panting and bodily twitching. As the 
head of the fetus engages the pelvic canal, abdominal contractions com- 
mence. Delivery usually follows three to five contractions. 

There can be considerable variation between the delivery of individual 
fetuses in both dogs and eats with intervals as short as 5 minutes and as 
long as an hour (19, 66). Most of the time involved in the longer inter- 
vals between delivery is spent resting or taking care of any newborn while 
the actual delivery process including uterine contractions require a rela- 
tively short period of time. Both the dog and the cat ingest the fetal mem- 
branes following delivery, most of the time without any apparent ill health 
as a result. This, however, has not been proved to be a source, essential or 
otherwise, of hormones or nutrients for the dam. 

Pregnancy diagnosis is usually accomplished in the dog and the cal by 
palpation of the fetuses between 26lli and 30th day posicoilum. Reliable 
radiographic evidence of pregnancy may be obtained at 45 days in the cat 
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(9, 92) and 50 days in the dog {74) Ultrasonic diagnosis has been used 
at 30 to 35 days {47) and 50 days {62) in the dog Chemical means of 
pregnancy diagnosis have not been successful in cither species 

F POSTPARTUM OVARIAN ACTIVITY 

As indicated previously, ovarian activity is not reestablished in the dog 
until 5 or 6 months postpartum Also, pregnancy appears to increase the 
length between estrous cycles (IS, 18) 

Resumption of ovarian activity appears to occur sooner m the cat dunng 
the postpartum period Although Longley (64) suggested that the new- 
born had to be removed soon after birth in order for ovarian cyclicity to 
be reestablished within 4 to 6 weeks, Scott (80) observed cyclic ovarian 
activity at this same time in spite of the nursing of young 


III. Sexual Behavior 


A DOG 

Just pnor to the onset of procstnis, females may show behavioral 
changes such as increased appetite and preferred association with males 
Chnslie and Bell (72) reported a continuous increase of interest of the 
female m the male during proestnis culminating in full sexual receptivity 
a week after the onset of proestnis Concannon et al (IS) described a 
slightly different pattern in which the dog in proestrus progressively moves 
from resistance to passivity The onset of eslnis is marked b> a clear 
change m altitude of the female dog with lateral deviation of the tail and 
presentation of the vulva to the male Concannon et al (18) have sug 
gested that vanations m entena used to determine the onset of estrus are 
probably responsible for some of the vanation reported m the correlation 
between endocrine events and behavioral estrus m the dog 

Estrous female dogs show definite preferences for certain males (5) 
Althougji vanation m this selectivity was noted among females, all showed 
some degree of discriminatory response Knowledge of preferential re- 
sponse to males is important for breeders to understand so that proper 
adjustments m painng can be effected if necessary 

The endocnnological aspects of sexual receptivity in the bitch are inter'- 
esling, both from the aspect of initiation and maintenance Several v. orkers 
have presented data that suggest Juleinization of the follicles and proges- 
terone production begins several days pnor to ovulation (18, 39, 72) Th® 
initiation of sexual receptivity m the dog may require the presence of sma 
amounts of progesterone as well as the presence of estrogen The prolonged 
period of sexual rcceptivtty m the dog foifowrng avulatioa is puzzling be- 
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cause estrogen levels decline continuously throughout estrus and reach 
basal levels several days before the end of sexual receptivity (59). 

Copulation in the dog is unique because the male becomes locked inside 
the female following intromission of the nonerect penis, which is stiffened 
by the os penis. The male is able to dismount during ejaculation, remain- 
ing tied to the female tail-to-tail for up to 30 min utes until detu mescenc e 
of the penis occurs. Dogs should not be forcibly separated during this time 
since severe damage to the external genitalia may result. Coital stages 
involved in this process are depicted in Fig. 1 1. The stages include mount- 
ing and intromission, followed almost immediately by the intense ejacula- 
tory reaction which lasts 1 5-30 seconds. This is manifested by rapid pelvic 
movement and alternate stepping with the hind legs. During this time, rapid 
vascular engorgement of the bulbus glandis occurs (46'). The bulbus 
glandis and par s lon ga glandis are held within the vagina by the contracted 
vestibulovaginal sphincter of the female. When the male dismounts during 
the genital lock, the dorsal’surface of the penis remains dorsal within the 
vagina and the pars longa glandis elongates substantially, placing the open- t-— 
ing of the penile urethra next to the anterior fornix of the vagina and the^ 
cervical os. This facilitates entry of the ejaculate into the uterus (35). 




c 




Fig. n. DifTcrcnt stages in mating of Ihc mate Jog: (A) mounting and clamping: 
(U) pelvic thrusting; (C) intense ejaculatory reaction; (D) copulatory lock. The 
draViing is from Hart (-#5). Copyright 1967 by the American Psychological Associa* 
cion. Reprinted by permission. 
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B CAT 

The female undergoes considerable psychological change wiih the onset 
of estrus The first signs of impending heal arc usually increased affection 
and tendency to roll and rub against objects Many cat owners ha\c mis- 
taken this change m attitude for signs of illness The rolling tendencies 
intensify and lordosis is exhibited during the first part of estrus until some 
cats will not walk, preferring to move with the elbows, chest, and abdomen 
on the ground and the pelvis elevated A curious, low vocal sound is often 
emitted during estrus A loud, sharp cry is emitted by the female following 
a certain intensity of coital stimulation Following coitus, females usually 
roll spasmodically and groom their genitalia Contrary to some previous 
reports, females allow coitus to be repeated within a few minutes with us 
many as seven intromissions having been observed for one female m one 
2-hour test period (7/ ) 

The male cat often will make a chirping sound pnor to mounting the 
female To mount, the male grabs the back of the neck of the female This 
IS followed by paddling motions with the hind legs along the lateral abdom- 
inal wall of the female The male’s penis, which in a nonerect state points 
caudally, has reached full erection by this time, and is turned cramoven- 
trally at 20 to 30® to the horizontal The female elevates the vulvar area 
into a more honzontal position through arching of the back This facili- 
tates the entry of the penis into the vagina The coital cry of the female is 
followed by a rapid dismounting of the male to avoid the female’s aggr^S" 
sive aflerreaction 

It IS important that a male be well-adjusted to bis surroundings before 
beginning a breeding program (77) It has been found that a male may 
require several days to a week to establish himself m a strange temto^ 
before he will actively engage in copulation An estrous female cat 
frequently be met with aggressive behavior by a nonesiablished male ( 69 ) 


IV. Reproductive Physiology of the Male Oog and Cet 

A THE MALE GENITALIA AND ACCESSORY GLANDS 

Anatomical features of significance in conus have been desenbed An 
added unique attribute of the feline penis is the presence of 100 to 2 
comified papillae on the corpus cavemosum glandis These papiUuc, 
observed at 6 to 7 months of age, appear to be androgen-dependent in t u 
they diminish in size after castrauon Their function m the stimulauon o 
ovulation m the female has not been established (6/) 
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The prostate is the only accessory gland found in the dog. It is normally 
situated on the anterior pelvic brim and completely encompasses the proxi- 
mal urethra. It is divided into two closely apposed lobes. In the cat, the 
prostate is located about 2 to 3 cm caudal to the urinary bladder. In con- 
trast to the dog, the prostate does not completely surround the urethra but 
is divided into two distinct lobes which are joined dorsally only, and lie on 
each side of the urethra. 

The prostatic secretion in the dog is rich in sodium and chloride ions, 
but is low in citric acid (7, 95). The pH of canine prostatic fluid is 6.8 ± 
0.33 (95). Normal function of the prostate is androgen-dependent with 
testicular androgens transported to the prostate by the vein of the vas 
deferens (73). 

In addition to a prostate, the cat has two bulbourethral glands that lie 
caudal to the prostate at the posterior rim of the pelvis. Other male acces- 
sory glands are absent in the cat as well as in the dog. 

Meyer (68) has reported a positive correlation between the time of com- 
pletion of deciduous dendition and the passage of testes through the ingui- 
nal canal in the German shorthair pointer with both events occurring 
between 30 and 35 days of age. The testes complete their descent into the 
scrotal fundus by the 63rd day. 

The testes of the cat are descended at birth. The combined testicular 
weight increases from 20 mg at birth to 100 mg at 6 weeks. Seminiferous 
tubule mitotic activity is observed at 400 to 500 mg of weight, or at about 
5 months of age. Spermatozoa appear in the ejaculatory fluid at 8 to 12 
months of age (79). 

B. SPERMATOGENESIS 

The absolute duration of the cycle of the seminiferous epithelium in the 
sexually mature beagle is 13.6 days (30). Testicular estrogens may regulate 
the release of interstitial cell-stimulating hormone (ICSH) in the dog via 
their cITcct on LHRH/FSHRH. As little as 0.025 mg of estradiol- 17)1 
administered 2.5 hours before an injection of LHRH/FSHRH success- 
fully blocked ICSH release while testosterone, dihydrotestostcrone (DHT), 
and progesterone tailed to block the effect of the releasing hormone (56). 
The transport of DHT needed for spcmiatogencsis may occur by lymph 
flow as well as by the vascular route (4/). 

C. SEMEN 

Canine semen is ejaculated in three fractions. Tlic first fraction, clear 
and sperm-free, is released before full erection is attained. Tlic second 
fraction is ejaculated in conjunction with the intense ejaculatory reaction; 
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this is the sperm-bearing portion. Tlte third fraction consists of clear fluid 
which is ejaculated while the animals arc locked together. The time of col- 
lection of the first and second fractions, obtained manually in the presence 
of a teaser bitch, are similar to those obtained by the use of a uterine fistula 
during natural coitus (25). 

It appears that relatively stable numbers of spermatozoa can be obtained 
if collection of semen occurs every other day in the dog. The percentage of 
morphologically normal spermatozoa and the libido of the male were not 
affected by an ejaculation frequency as often as twice daily, although there 
appeared to be reduced motility of sperm from the more frequent ejacula- 
tions when stored in extender at 5*^0 (8). 

A pH of 7.0 to 8.5 is an optimal range for maintaining the motility of 
canine spermatozoa, although tolerance of pH ranges of 5 to 10 has been 
reported (95). While alkalinity is well-tolerated, spermatozoa become 
more susceptible to hypertontcily as the pH increases. The use of glucose 
in this situation has been beneficial. Diluents containing 0.02 M carbonate/ 
bicarbonate buffer severely depress the motility of canine spermatozoa 
(95), 

Dog semen has a very low fructose concentration which may be associ- 
ated with the absence of vesicular glands 

Semen volume usually ranges from 0.0 1 to 0.12 ml in the cat, although 
0.3 ml is occasionally obtained The total sperm number per ejaculate 
is about 57 X 10®. Sperm motility ranges from 60 to 90%. Abnormal 
sperm average about 10% and cytoplasmic droplets and club tails are the 
most prevalent types The pH of cat semen is 7.4, Cat semen, like the dog 
semen, is low in fructose (56). 

Semen can be collected from the cat three times weekly without decreas- 
ing volume or concentration of spenn. Daily collection causes a drop m 
volume and, at least initially, a depression in sperm concentration (56)- 
Cat spermatozoa require at least 2 hours in the uterus before fertilization 
in vitro can be accomplished (42). Tin's could correspond to the capacita- 
tion time for the cat. Cat seminal plasma contains a reversible, partially 
heat-labile factor, which has an antifertihty effect on rabbit spermatozoa 
(67), No decapacilation activity was found in the seminal plasma of dogs 
(23). 

D. ARTIFICIAL INSEMINATION 

Considerable progress has been made in recent years in the utilization^^ 
artificial insemination, including the storage of semen in the dog- 7*^ 
reader is referred to a complete review of the relative merits of procedures 
and equipment (S3). Manual collections appear to be the most satisfactory 
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way to obtain semen (S, 65). Schutte and Bezuidenhout (77) found man- 
ual collection and the use of the artificial vagina equally effective. The arti- 
ficial vagina appears cumbersome to use, especially in small breeds, and 
prolonged contact of semen with the warm, latex lining of the artificial 
vagina adversely affects motility (8). Eleclroejaculation produces a low 
volume of semen, often contaminated by urine, and may cause physical 
discomfort (34). 

The dilution of the sperm-rich traction of the ejaculate for short-term 
storage is most successful when doubly pasteurized skim milk is used as 
an extender. Semen diluted at 1 :4 or I ;5 can be stored at 4° to 8°C with 
conception rates of 77% recorded for fresh semen and 53% for semen 
stored for 3 days (83). 

Canine semen has been successfully frozen and stored for at least 19 
months with an overall conception rale of 72%. The diluent that has been 
used is lactose (11%), glycerine (4%), and egg yolk (20%). A long 
equilibration period is not necessary prior to freezing when semen is pel- 
leted directly on dry ice followed by storage in liquid nitrogen. The pellets 
are thawed rapidly in sodium citrate prior to insemination (84). 

Artificial insemination in the cat is limited, at the present, to colonies 
where males can be trained to ejaculate into an artificial vagina. Insemina- 
tion of 0.1 ml of semen diluted with saline to contain 5 X 10“ sperm/ml 
has resulted in a conception rate of 50% with one insemination and 75% 
following two inseminations 24 hours apart (56). Females must be in 
estrus and must be injected with ovulation-inducing hormones such as 
chorionic gonadotropin prior to insemination. 


V. Genetic Aspects 

The normal diploid karyotype of the domestic dog (Cam's jamiUaris L.) 
consists of 76 acrocentric or telecentric aulosomcs, a submetacentric X sex 
chromosome, and a minute mclaccntric Y sex chromosome (2u = 78) 
(53). The karyotypes appear to be identical in all races of dogs. In the 
cat, the chromosomes are not as uniform. There are 32 metacentric or 
subtclcccntric and 4 acrocentric or iciccentric autosomes, a subtclcccntric 
X and a subteicccntric Y for a total of 38 (2/r) (54). Buccal epithelial 
cells of both the dog and the cal show chromatin structures which arc 
morphologically and histochcmically (Feulgcn-positivc) comparable to the 
human sex citromatin (Barr body). TItese structures have been found in 
female dogs and cats with a frequency of 45.8 and 29.4%, respectively. 
Tlic occurrence rale in male dogs and cals per 100 cells examined is 
0.0017 and 0.038%, respectively (90). 
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Abnormal gonadal development, with subsequent abnormal differentia 
lion and infertility, usually occurs in animals with abnormalities of sex 
chromosomal constitution or number, but can also occur when the sex 
chromosome constitution appears to be normal This has been reported in 
cases of male pseudohermaphroditism of dogs m the presence of a 78, XX 
karyotype (20 44) 

Chromosomal errors in the cat have been recognized through the pheno 
type tortoiseshell in males Orange and black hair color genes are allelic 
on the X chromosome and males showing both colors must have two X 
chromosomes (plus a Y chromosome) Among the reported cases, some 
were found to have a 39,XXY constitution, but were more frequently 
chimeras with two or more populations of cells (38 XX/38,XY 38 XXY/ 
39,XXY) (6) A case of a diploid /tnploid (38 XX/57,XXY) chimera 
has been reported in a male tortoiseshell cat (16) 

The ability of gray wolves and coyotes to interbreed with domestic dogs 
and product fertile hybrids is well established (10) The possibility o 
fertile crossings between vanous species of jackals and the domestic dog 
IS a matter of dispute (10), but successful matings have been reported 
between the dog (miniature poodle) and the Golden jackal (Cams aureus) 
as well as with the side striped jackal (Cams adiistus) (48) Although all 
female offspring came into estrus twice per year, only a few fertile matings 
occurred 

Immunogenetic markers have been used successfully in determining 
paternity in the dog by positive identihcation or exclusion of the sire (^d) 
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I. Introduction 

The reproductive physiology of the chicken is extremely fascinating and 
challenging. Unlike the extended csirous cycle of the mammal, the events 
of the ovulatory cycle of the chicken arc compressed into a number of 
hours. Tiic alternation of structures which occurs during the follicular and 
luteal phase of the mammalian cycle, arc absent in the chicken. While the 
ovarian steroid and pituitary hormones arc similar to those of the mammal, 
the signaling mechanism by which the ovarian steroid hormones control 
the hypolhalamo-hypophyscal system in the chicken may be dllfcrcnl from 
that of the mammalian system. This relationship which is well understood 
in the mammals stiff needs additional study in the chiefcen before its details 
become known. In this chapter wc will try to elucidate some of these 
hormonal relationships which need to be answered and jwinl out some 
of the problems which demand additional investigation and understanding. 


529 
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II. Th0 Female Reproduclive System 


A. THE OVARY 


In the chicken, unlike the mammat, only t he left ovary and oviduct y 
functional while th e contralateral ri ght ovaijT^d oviduct usually remain 
as vestigial structures. It is now known th at estrogen secreted by the left 
ovar y d^ 'np; the p osthatch mg period usuafly prevents development 
right ovary (55). The left ovary is located i n the body cav ity, ventral to 
^th^dfta, posterior to the vena cava, aftd cranial to the kidney. The avian 
*'ovaf}r'dIffers''moipHo]ogicaI^~fr^5Tie mammalian ovary In' th at it has 
"two major lobes^withTn’which are a targe number offolircles ear ned on 
•folliciifaf statics. A ncti MtensiveTascular system suppliesThe ovary and 
'ainium«ous follicles. The neural ^m^nents~ The ovarjriiaveTje^i^ 
' examihed" rnostTfioroughly by Gilbert (22 ^4) , Freedman (/5), and 
Dahl (9). The ovary is well-innervated with a neural supply denied from 
an extensive network of ganglia, nerve cells, and nerves lying adjacent to 
and within the ovanan stalk. Both cholinergic and adrenergic nenes are 
associated with the blood vessels and smooth muscles of the medulla and 
cortex of the ovary. Some nerves extend to the developing and mature 
follicles. 

In the immature ovary, there are thousands of oocytes. At the time ot 
sexual maturity ( 1 8-20 weeks of agej 4 to 6 of these"oocytes increase m 
diameter and the follicular hierarchy begins to be established. During the 
subsequent ovulatory cycles, only the largest fnllirfpg wi p ovulat e. foUgliH!? 
on successive d^s by the second, third, anJ7ourth largest ones, each o 
which enlarges to assume the size of its ovulated predecessor. It B not 
known what controls this follicular hierarchy or how and why certain 
follicles become part of the hierarchy while others do not but may join d 
in subsequent c>cles It has been postulated that the size relation o 
follicles may be determined by the vascular system which makes precursors 
(such as hormones and lipovileliin) more available to some follicles than 
to others 

The follicle consists of an ooc>tc and the surrounding six lajers, name!)* 
the vitelline membrane and zona radiata (innermost la>er), perivilcUm® 
Ia>cr _and granulosa membrane, theca inlcma, theca ex ter na, conneem 


tissue, and*cpithchum. Nerves and blood \csscls penetrate the theca 


while 


the granulosa lacks both neural and vascular components (9, 22)- 
electron microscopy, Dahl (9) has identified afferent terminals of hot 
s>mpathctic (adrenergic) and paras>mpathctic (cholinergic) nerves m 
membranous contact with ••^crofiTpi^ucmg** cells. As the folhclc in- 
creases in size, the stigma becomcs“\iribIc on the follicle. The stign**' 
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specialized region of the foll icle where the s plit oc curs at ovulation, is a 
pale band approximately 2-3 mm wide and is su pplied with very few small 
vems and arteries (,49). During the development of the oocyte, yolk is laid 
dowlf in three phases. The first yolk deposited is a neutral fa t: later , yolk 
protein s 'are^ addein ^ppro.ximate ly 7-11 dav s-before-ovulation. tjiere iFa 
very rapid accumu lation of yellow yolk (25). 

For a more comprehensive review of the avian ovary and oviduct see 
Gilbert {25). 

B. THE OVIDUCT 
1. Structure 

The oviduct, a long tortuous tube, extends from the ovary to the cloaca. 
The oviduct consists of five segments each having a separate function 
(Fig. 1). The segments are the infundibulum, magnum, isthmus, uterus, 
and vagina. The ovum spends varying amounts of time in each segment of 



Flc. I. The ovary and female reproducitve tract of the chicLcn. Note the hicr. 
archy of follicles, the, ruptured follicle, and the numerous small follicles. 





532 JANICE M BAHR AND A V NALBANDOV 


the oviduct, i e , 0 25-0 5 hours in the infundibulum, 2 0-3 0 hours in 
the magnum, 1 25 hours m the isthmus, and 18-20 hours m the uterus 
(76) The oviduct has a rich nerve supply from both sympathetic and 
parasympathetic divisions with the uterus and ulero-vagmal junction being 
most densely innervated 

The infundibulum, located at the anterior end of the oviduct, has a 
funnel shaped opening At the time of ovulation, the infundibulum becomes 
very active as it tries to engulf the ovum These wavelike movements are 
caused by vascular engorgement and muscular contractions of the infundi 
bulum which are probably under neural and hormonal control Whenever 
these mechanisms fail, the freshly ovulated ovum is deposited in the 
abdominal cavity (internal laying) and is gradually reabsorbed Interne] 
laying is more frequent during certain seasons than others (78) The 
fertilization of the egg and secretion of the penvitelline membrane, two 
other reproductive functions, occur m the oviduct (3) 

The magnum, the longest part of the oviduct, is very conspicuous be- 
cause of Its dull white color The thick wall of the magnum contains 
glandular tissue which secretes copious amounts of albumin as the ovum 
moves through the magnum m a rotating motion 

The isthmus, the next section of the hen’s oviduct, secretes the shell 
membranes around the ovum which has been coated with albumin One of 
the principal constituents of the shell membranes is ovokeratin (60) 

The uterus or shell gland, as it is sometimes called, is a large expanded 
part of the oviduct Here the egg is detained approximately 20 hours or 
more as the shell is laid down Porphyrins, which are secreted by the 
uterine epithelium cause a distinct egg colonng in some avian species 
The vagina is a short S-shaped tube which probably has no role m the 
formation of an egg Sperm either deposited by natural mating or artificial 
insemination are stored in the vaginal glands which are short, simple 
tubules near the ulero-vagmal junction 

2 Secretion of Albumin and Shell Formation 

For extensive reviews of the chemical nature and biological synthesis of 
egg albumin, see Baker (*/) and Feeney and AHison (//) 

Egg albumin contains numerous proteins Using starch gel electro- 
phoresis, Lush (44) identified nineteen major components of egg whites 
Some of these proteins possess bacteriocidal activity The biological 
lion of the other proteins is still obscure Feeney (11) has suggested tha 
some proteins are found in the albumin to provide bulk matcnal and to 
ensure correct ammo acid milieu for embryonic development Ovalbumin, 
the most abundant protein m egg white (54^) contains all essentia 
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amino acids. Other principal proteins are ovotransferrin (13%) which 
binds polyvalent metals, ovomucoid (11%), an inhibitor of proteases, 
and lysoxyme ( 4 %), an enzyme. 

While yolk proteins are formed at another site in the body and subse- 
quently transported to the yolk, albumin is synthesized in the oviducal 
tissue (55). Though the oviduct may store albumin for 2 days, approxi- 
mately 45% of the albumin can be rapidly produced as the egg passes 
through the magnum ( 16 , 69 ). 

Albumin formation is under hormonal control. According to Brown 
(5), testosterone acts synergistically with estrogen to promote oviducal 
growth while progesterone is antagonistic to the action of estrogen (5(5). 
The actual mechanism of the secretion of albumin is still questionable 
despite the fact that this problem has been investigated for many years. 
Gilbert (25) suggests three different possibilities for the regulation of 
albumin secretion: (a) direct mechanical stimulation by the ovum as it 
passes through the oviduct or the presence of a chemical substance diffusing 
from the yolk; (b) a humoral agent; and (c) a neural coordinating 
mechanism. There is considerable evidence for a direct mechanical stimula- 
tion of the oviduct by the ovum because albumin can be secreted around 
foreign objects placed in the oviduct. Without doubt, the control of albumin 
secretion needs further study. 

In the formation of a shell, two fibrous membranes are first laid down 
by the isthmus. Then the outer shell which consists almost totally of 
calcium carbonate is secreted by the uterus or shell gland. At the same time 
there is watery secretion by the shell gland which “plumps” the egg. 
During shell formation, Ca" and other inorganic components of the shell 
are actively removed from the blood (. 63 ). The formation of a shell and 
also an egg, which is almost a daily occurrence during the ovulatory cycle, 
places tremendous metabolic demands on the hen. 

At this time, it would be informative to point out that many of the 
activities involved in egg formation ore under hormonal control, specifically 
the ovarian steroid hormones. Estrogen has several highly important func- 
tions in the metabolic economy of the laying hen. It plays a vital role in 
Ca-* metabolism in that it is responsible for the transportation of ingested 
CaCOj from the gut to the bone where it is deposited. When laying com- 
mences, about 5 gm of CaCO., arc required daily for the building of the 
shell. This Ca is mobilized by estrogen, in part, directly from the gut and, 
in part (by the action of osteoclasts), from the bone. Equally important 
is the action of estrogen directly on tire liver (and to some extent perhaps 
on the fat depots), where the lipoproteins essential for yolk fonnation arc 
mobilized, transported through (he peripheral circulation, and enter (he 
growing follicles. Since the follicle is one of the fastest growing biological 
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structures (it grows from a weight of micrograms to a weight of about 
24 gm in 8 days), the amount of lipoprotein deposited in the fastest grow- 
ing follicle may reach 2 gm or more in 24 hours. The amount of lipoprotein 
mobilized by estrogen and present in the blood makes the laying hen ha\e 
the highest level of hyperlipemia known in any animal. 

Estrogen is also essential for the building of uterine glands in the growing 
pullet. These estrogen-built and maintained secretory glands, when acted 
upon by either progesterone or testosterone (it is still not clear which!)» 
cause the magnum to secrete ovalbumin. 

3. Oviposition 

Generally, 25-26 hours after ovulation, the egg is laid. The hen displa>s 
a distinct behavior, i.e., nesting, changes in respiration, and muscular con- 
tractions. Very likely oviposition is under both neural and hormonal con- 
trol. The time of oviposition may be determined by ovulation via changes 
in the ruptured follicle (26). The postovulaiory (ruptured) follicle is 
necessary for oviposition because its removal delays oviposition (25)* 
Day (personal communication) has observed significantly elevated 
of the prostaglandin, F-*, in the ruptured follicle at the time of oviposilioi^ 
This preliminary evidence suggests that prostaglandin F-* in the ruptured 
follicle may play a regulatory role in oviposition. 


C. THE OVULATORY AND OVtPOSITORY CYCLE 

The hen lays eggs sequentially followed by one or more pause days. A 
clutch consists of the number of eggs laid on consecutive days in an un- 
interrupted series. Clutch lengths are generally of 6 days bat range (ronJ 
2 to 8 days and in some hens may be 360 or more days. An ovulatoO' 
cycle extends from the oviposition of the first egg of a clutch until oviposi- 
tion of the first egg of the next clutch. Generally the laying cycle of the hen 
is governed by the lighting schedule. If the hen is given 12-14 hours o 
light per day, the first egg of the clutch is usually laid early in the morning 
As a rule, ovulation occurs shortly after oviposition (5-60 minutes), nn 
approximately 26 hours arc required before the newly ovulated ovum ac 
quires its integuments and is ready to be laid as an egg. Because ovulation 
docs not occur until after oviposition and because the completion of 
formation of the egg requires at least 24 hours, each succeeding egg in the 
clutch is laid later than the first eggs of the clutch; the last egg of the elute 
is laid early in the afternoon. The hens with the longest clutches ovulate 
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very shortly after oviposition and take less time (some only 24 hours) to 
complete the egg. If hens arc placed under continuous light the laying 
schedule outlined above is interrupted and egg laying will occur at random 
throughout the 24-hour period. Apparently light-dark sequences are nor- 
mally used as environmental cues for the release of the hormones involved 
in the control of ovulation. Interestingly, other environmental cues may be 
substituted. Thus, in hens placed on constant light, ovulations will continue 
to occur predominantly during the “morning” hours provided the daily 
activities, such as feeding and cleaning, continue to be performed during 
the “morning” hours. The interval between ovipositions is usually greater 
than 24 hours and the interval minus 24 hours is called “lag.” The lag is 
greater between the first and second egg in the clutch, then decreases 
during the middle of the cycle and increases again toward the end of the 
cycle. The ovulatory cycle is hormonally controlled by the subtle inter- 
action of the gonadotropins and the ovarian steroid hormones. This com- 
plex phenomenon will be discussed in the next section. 

D. HORMONAL CONTROL OF THE OVULATORY CYCLE 
1. Theory of Ovulation 

Several theories have been proposed to explain ovulation in the hen. An 
acceptable theory of ovulation must explain not only the interrelationships 
of the gonadotropins and ovarian steroid hormones but also why the hen 
svill ovulate consecutively for several days and then skip a day. One of the 
more interesting theories of ovulation has been proposed by Fraps { 13 ). 
He suggested that follicular growth and maturation in the hen depends on 
a constant output of FSH by the pituitary with basal levels of LH. At 
specific times during the ovulatory cycle there is an increased release of 
LH which causes ovulation. An “excitation hormone” acts via the neural 
pathway (hypothalamus) to trigger the LH release. The threshold for 
the action of the “excitation hormone” undergoes diurnal fluctuations. If 
the level of the excitation hormone reaches the threshold level necessary 
for the LH release, the gonadotropin is released and ovulation follows. 
Since successive follicles mature at intervals of 24 hours plus a lag (at a 
later time each day), the increase in the excitation hormone would follow 
a similar time course. As a result the neural components would be 
stimulated at a progressively later time each day until eventually the peak 
level of the excitation hormone would occur at a time when the neural 
threshold would also be elevated. Because the given concentration of the 
excitation hormone svas not suflicicntly high to trigger the LH release, no 
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ovulation would occur on that day and there would be ^ pause m the 
ovulatory cycle LH would be stimulated again the next day when 
neural threshold for LH had decreased and ovulation would again resura 
Though Fraps did not identify the excitation hormone, it generally 
assumed to be progesterone It should be remembered that this theory 
suggested before actual measurements of both the gonadotropins an 
ovanan steroids were technically feasible As a result, this , 

require some modification and additions before it can adequately e 
ovulation While keeping this theory in mind, let us examme some o 
recent studies in which measurements of hormones were reported 
Because of the precise and sensitive technique of the radioimmuno 
(RIA), It IS now possible to measure the gonadotropins and the ova 
steroids simultaneously in the same hen There have been many e o 
to test Frap’s theory and to correctly identify the “excitation 

It IS very challenging to disentangle the hypothalamo-hypop , 
ovanan relationships m the hen because all these changes are 
into a 24- to 26-hour ovulatory cycle unlike the extended marara 
estrous cycle Furthermore, it appears that the steroid 
matunng follicles are also part of the complicated picture At the , 
time we do not know whether the entire hierarchy of the differen 
follicles or only the largest follicle gives the signal necessary for the re 
of the hormones which cause ovulation 


2 Induction of Ovulation 

In discussing the hormones involved in ovulation we must 
modi operandt First, we know that hypophyseal hormones (LH an ^ 
are the immediate cause of follicular rupture Second, it is 3 ] 

ask what is responsible for the timing of the release of the hypop 
ovulation-inducing hormone (OIH) In the latter category all three 
steroids, estrogen, progesterone, and testosterone will have to be 
ered It should be noted that in mammals ovanan estrogen (estradio ' 
has been conclusively demonstrated to be able to release ovulato^ found 
of hypophyseal LH (and possibly FSH) In chickens, Fraps (f2) 
that an injection of 1 mg of progesterone caused 95% of 19 ^ 

late prematurely A similar dose of testosterone ovulated 41% of J- 
while 1 mg of estradiol-I7a had no effect on ovulation These car ler ^ 
have been confirmed by Lague et al {39) who reported ® "^hens 
500 to 1000 /ig of P 4 induced premature ovulation in 100% I ^ ry or 
When both estradiol-!?/? and progesterone were injected, no facilaio 
inhibitory effect of esiradiol-17/? was observed on the sponianeo _ 
progcslcronc-induccd ovulations In another study, Fraps and Dury 
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reported that an injection of either LH or PMSG induced premature 
ovulation in hens. Later Opel and Nalbandov (57) reported that ovine 
LH could cause ovulations in hypophysectomized hens { Figs. 2 and 3). 
Similar results were obtained by Tanaka et al. (72) who injected ovine LH 
and caused ovulation in hens whose hypothalami were blocked with 
phenobarbital sodium and thus did not cause release of endogeneous LH. 
When LH was omitted no ovulations occurred. These results indicate, 
first, that the ovarian steroid which appears to be necessary for the release 
of the ovulation-inducing hormone(s) is progesterone and, second, that 
LH and FSH(?) are the ovulation-inducing hormones. These preliminaiy 
studies do not elucidate whether progesterone is acting on the hypothalamus 
or directly on the pituitary to cause ovulation. 

3. Measurement of Ovarian Steroids 

It is now accepted that ovarian steroids have an important role in the 
overall metabolism in the hen. Reference to some of these effects was made 
earlier in this chapter (see Section 11,6,2). For a more detailed discussion 
of this topic, we refer you to extensive reviews by Gilbert (25). Marlow 
and Richer! (46), in 1940, reported that estrogen is secreted by the 
hen’s ovary. Since that time there have been numerous reports identify- 
ing both estrone and estradiol- 17/3 in the hen’s plasma (43, 53). More 
recently the estrogens have been quantitated during the entire ovulatory 
cycle (see below). 

Another important ovarian hormone is progestin which was first identi- 
fied in avian blood by Fraps el at, in 1948 (15). Similar findings have 
been reported by O’Malley et at (54), Layne el al. (42), Lytle and Lorenz 
(45), Furr (19), Arcos and Opel (/), and others. Surely, to many inves- 
tigators, the presence of relatively high progesterone levels in the hen’s 
blood were perplexing because in contradistinction to mammals, the laying 
hen possesses no structure analogous to the corpus luteum which is a 
rich source of progesterone. 

The third ovarian hormone present in rather copious amounts in the 
hen is testosterone. Witsehi and Fugo (77) suggested that the ovary 
secretes androgens which were responsible for the bright appearance of 
the comb. In 1966, Woods and Domm (79) identified androgens in 
ovarian tissue by using the fluorescent antibody technique. Using gas 
chromatography, O'Malley (54) and Furr and Thomas (21), measured 
testosterone levels ranging from 20 to 120 ng/100 ml in avian blood. Very 
recently, Shahabi cl al. (67) measured testosterone, estrogen, and progestin 
levels in both the plasma and follicles of hens during the entire ovulatory 
cycle. These results will be presented and discussed in a later section. 
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4. Measurement of LH and FSH 

The fact that injections of LH could cause premature ovulation makes 
it important to measure LH during the ovulatory cycle and correlate 
changes in LH concentrations with ovulation. Nelson et al. (52) deter- 
mined LH levels in the pituitary and plasma during the ovulatory cycle of 
laying hens by using the ovarian ascorbic acid depletion (OAAD) bioassay. 
They reported LH peaks at 8, 13, and 21 hours before ovulation. These 
results were confirmed by Bullock (d), and Bullock and Nalbandov (7). 
The latter further concluded that whenever the peaks of LH were absent, 
no ovulation occurred on that day and thus there was a pause in egg laying. 
Tanaka and Yoshioka (75), also measuring pituitary LH by bioassay, 
found peak levels only at 20 and 8 hours before ovulation of the second 
egg in the clutch. More recently, using a radioimmunoassay with an anti- 
body specific to avian LH, Furr et al. (20) detected only one LH peak 
(3.09 ng/ml) 4-7 hours before ovulation. Using the same system as Furr 
et al. (20)f Shodono (68) also identified one LH peak of 4.36 ng/ml at 5 
to 4 hours before ovulation. Besides measurements of LH, Tanaka et al. 
(72) measured the gonadotropin-releasing activity of the stalk-median emi- 
nence during the cycle. They reported LHRH peaks at 21 and 8-1 1 hours 
before ovulation, e.g., at two of the times when LH peaks were found to oc- 
cur by OAAD. At this time there is no acceptable explanation for the dis- 
crepancy in results obtained from the bioassay and radioimmunoassay. We 
will return to this problem in Section when we discuss synthesis 

of steroids by follicles. Since major differences have been found between 
these two systems in other species (55), it is possible that the results ob- 
tained from bioassay and radioimmunoassay differ because they may be 
detecting various species of LH molecules. One must bear in mind that 
while the bioassay measures the biological site, the RIA detects the 
immunological sites. The data of Nelson et al. (52) and Bullock (6) have 
been criticized because Jackson and Nalbandov (SS) found that chicken 
pituitary glands contain arginine vasotocin which is known to act like LH 
(e.g., cause ascorbic acid depletion) in the OAAD assay system. However, 
it should be pointed out that the LH peaks discovered in the OAAD assay 


such hens are injected with LH (IV), all the largest follicles can be made to ovulate. 
(D) Minimal stimulation of the ovary of hypophyscclomizcd hens is possible with 
mammalian gonadotropins. (E) With whole chicken pituitary extracts restoration of 
the ovary is possible in hypophysectomized hens. A semblance of the normal folli* 
cular hierarchy is achieved. (F) Just as in the intact hen (C), the ovary of a hypo- 
physectomized hen can be overstimulated with cither PMSG or hypophyseal FSH 
and LH (mammalian) but the hierarchy of size is not evident. (All magnifications 
arc the same: X IC*-) From Opel and Nalbandov (J7). 
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Fio 3 Multiple ovulations can be induced in on' 

inieclion of LH containing gonadotropins (Note three „„ 

of which IS ready to be laid ) In contrast in intact hens only 

be induced to ovulate Supctovulation is the rule in ‘ From 

hens \^hose o\arics ha^e been oventimulatcd with exogenous gonado P 
Opel and Nalbandov (57) 


occur m the plasma which bathes the growing follicle and it app h „ 
improbable that sufliciently high levels of vasotocin would be p 
plasma to be mistaken for LH Despite the differences in s 
results, both the OAAD and the RIA agree on an LH peak *+-' 

before ovulation . „.tcnlio” 

Since LH appeared to be the ovulation inducing hormone, iiu‘ 
has been given to FSH However, studies by Kao and fof 

Shahabi et al (66), suggest that both FSH and LH may be gyg,c 

ovulation Kao and Nalbandov found that injections of the « 
blocking agent, Dibcnzylmc, directly into chicken ° ould be 

subsequent ovulation of that follicle This blockade by the rug 
^ overcome only by the injection of a mixture of FSH and Lf 
study. Shahabi ei al (66) found that an injection of ovine Ltt 



20. REPRODUCTION IN POULTRY 541 


before ovulatioa of (the third egg in the clutch) induced the identical 
steroid pattern seen 5 hours before ovulation with the exception of estrogen 
concentrations. It is possible that both LH and FSH are needed to elevate 
estrogen levels in the follicle and plasma. 

FSH levels during the ovulatory cycle of the hen have been reported 
by Kamiyoshi and Tanaka (. 34 ) and Imai and Nalbandov ( 31 ), using the 
modified Steelman-Pohley bioassay. Kamiyoshi and Tanaka ( 34 ) found 
that pituitary FSH content fluctuated during the ovulatory cycle of the 
hen with a peak release of FSH from the pituitary approximately 1 1 hours 
before ovulation. On the other hand, Imai and Nalbandov ( 31 ) reported 
two peaks in plasma with the first peak occurring 1 hour after oviposition 
of C, and the second peak 1 1 hours before ovulation of Cj. They measured 
FSH peaks in the pituitary at 4.5 hours after oviposition of C, and 14 and 
5 hours before ovulation of Cj. Imai and Nalbandov suggested that the 
first peak in the plasma was necessary for the rapid growth of the next 
follicle (Cl) while the second FSH plasma peak, along with the LH peak, 
was needed for follicular maturation and ovulation. If the avian ovulatory 
cycle follows a model similar to that of the mammalian, then one would 
expect that both gonadotropins are required for subtle interactions and 
synergistic responses. 

5. Interrelations of Gonadotropins and Ovarian 

Steroids during the Ovuiatory Cycle 

In mammals, when a mature follicle ruptures it is transformed into a 
corpus luteum which predominates during a part of the cycle (luteal 
phase). Later a new crop of follicles begins to mature and, concurrently 
with the decline of the corpus luteum, follicles become predominant 
(follicular phase). During the luteal phase, the most prominent ovarian 
hormone is progesterone while during the follicular phase it is estrogen. 
Thus, the hormones impinging on the hypothalamo-hypophyseal system 
alternate and with them the signals registered by this system differ. It is 
now well established in mammals that the rise in follicular estrogen during 
the later stages of the follicular phase is responsible for the release of 
hypothalamic gonadotropin releasing hormone (GnRH) which, in turn, 
leads to the release of hypophyseal FSH and LH which cause ovulation. 

The chicken has only a continuous follicular phase and in it ovulation 
occurs daily (within the limitations of the clutch). Since follicular growth 
is an ongoing process, the question arises whether follicular steroid syn- 
thesis is also a continuous process. If not, how is it regulated in detail since 
it has been established that chicken gonads totally depend on hypophyseal 
tropic function for normal gamctogcnic and steroidogenic function (57). 
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Another question that will be asked concerns the signal which tells the 
chicken hypothalamus that the largest follicle is ready to ovulate and that 
the ovulation-inducing hormone should be released Also of interest is the 
question of which of the three ovanan steroids serves as the signal Finally, 
an interesting and yet unsolved problem concerns the question whether 
the steroids only from the largest follicle do the signaling or whether all 
large follicles participate Why this is of interest will be discussed shortly 

In an effort to demonstrate and understand the relationship between 
the gonadotropins and ovarian steroids there arc currently several reports 
in the literature in which LH and/or ovarian steroids were quantitated 
during the entire ovulatory cycle of the hen Shahabi et al {67) measured 
estrogen, testosterone, and progesterone m plasma and from the three 
largest follicles during each hour of the ovulatory cycle m the same hens 
to determine the rates of synthesis and release of the ovanan steroids by 
the follicles Despite the difficulty of comparing results from various reports 
because of the differences in sampling time, some general conclusions can 
be drawn 

Shodono e( al (68), measuring estradiol- 1 7)3, progesterone, and LH 
m the plasma of hens dunng the ovulatory cycle found elevated estradiol- 
17/8 levels at 24 hours and a significant peak at 7 to 5 hours before ovula- 
tion Similarly, Peterson and Common (59) reported peaks of estradiol-l 
at 18 to 22 and 2 to 6 hours before ovulation On the other hand, Senior 
and Cunningham (65) and Senior (64) detected only one peak in estradiol- 
17)3 and estrone approximately 6 hours before ovulation These authors 
also demonstrated that the day on which no ovulation occurs, there is no 
estradiol-17/3 peak m the plasma In contrast to these studies, Shahabi et al 
(67) (Fig 4) found three significant peaks of estrogen in the plasma 
dunng the ovulatory cycle These peaks occurred at 16 to 17, 8, and 4 
hours before ovulation Some of the discrepancy m these results may reflect 
the intervals between samples, the accuracy with which ovulation was 
timed, and whether total estrogens or a specific estrogen was measured 
There is complete agreement in the literature regarding progesterone peaks 
dunng the ovulatory cycle Shodono e/ al (68), Furr ef n/ (26), Peterson 
and Common (59), Kappauf and van Tienhovcn (56), and Shahabi et al 
(67) all reported one major plasma progesterone peak (2 0 to 6 0 ng/ml) 
approximately 4-6 hours before ovulation 


Pic 4 Plasmi levels of progeslcronc lesloslcronc and estrogen Ihroughou! 
oviihtory ejefe Note ihat NMth the possible cxcepuon of estrogen the plasma pcnl«.s 
of icsiosteronc do not correspond to the follicle peaks until just before osuhiion 
when nil three steroids show highly stgnilicnnt peaks in th- plasma From Shahabi 
et al (67) 
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Even though testosterone had been identified in the hen's plasma many 
years ago and had been demonstrated to be necessary for comb formation 
and maintenance, its measurement and physiological significance have been 
overlooked by most investigators. Shahabi et al. (67) determined a testos- 
terone concentration in plasma each hour from the time of ovulation to 
time of oviposition of the C.i egg. They found significant testosterone peaks 
in the plasma at about 14 to 16 hours, and al about 4 to 6 hours before 
ovulation of Ca. 

In still other reports, Shodono e/ al. (6S), Furr et al. (20), and Senior 
and Cunningham (65) measured LH and either estradiol-17^ or pro- 
gesterone simultaneously to determine which ovarian hormone is the ex- 
citation hormone. Since all three ovarian steroids peak simultaneously 
approximately 6 hours before ovulation, it is impossible to ascertain from 
these studies which ovarian steroid is responsible for the LH peak which 
follows shortly thereafter. Furthermore, there are no LH, estradiol-1 7/ff» 
or progesterone plasma peaks on the day in which no ovulation occurs. 
However, if one wants to assume that the hypolhalamo-hypophyseal- 
ovarian interrelationships in birds is similar to that which exists in the 
mammal, then estradiol-17/3 would be the ovarian hormone which would 
trigger the LH release. In rats (62), ewes (27, 61), monkeys (37), and 
many other mammals, there is adequate evidence to conclude that estradiol- 
17/3 stimulates the ovulatory surge of LH. Even though a preovulatory 
peak of progesterone does occur in the rat, Ferin et al. (17) have shown 
that neutralization of this progesterone peak with antibodies does not in- 
terfere with ovulation. Moreover, there is no preovulatory progesterone 
peak in the cow (70), sow (74), monkey (57), and man. It is very pos- 
sible that because of the uniqueness of the ovulatory cycle in the chicken, 
that not one ovarian steroid, but all three steroids (estrogen, testosterone, 
and progesterone) trigger the preovulatory LH peak since all three ovarian 
steroids peak in synchrony approximately 6 hours before ovulation (67)’ 
In the above discussion we arc presenting evidence to substantiate the 
idea that one or more ovarian steroids trigger the preovulatory surge o 
LH as has been suggested from a number of current papers. Yet, we 
in a dilemma to explain why a systemic injection of LH 12 hours before 
ovulation can elevate both the plasma and follicular steroids, with the ex- 
ception of plasma estrogen, to identical levels observed for the steroids 
6 hours before ovulation (66). In other words, despite the strong evidence 
that a steroid(s) acts as the “excitation hormone” to trigger the pre- 
ovulatory LH surge, as Fraps has hypothesized, there is still some question 
if the synchronous peaks of steroids 6 hours before ovulation or the sig- 
nificant plasma peaks of testosterone and estrogen 1 1—9 hours before 
ovulation are responsible for the preovulatory surge of LH. 
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An examination of steroid concentrations in the three largest follicles 
will complicate the story even more. A different steroid profile is seen for 
each follicle (67). Totally contrary to expectation is the finding that the 
concentrations of all three steroids (estrogen, testosterone, and pro- 
gesterone) were lowest in the largest follicle, the one destined to ovulate 
next (Fig. 5). The testosterone and estrogen concentrations dropped pre- 
cipitously immediately after the ovulation of the previous follicle. On the 
other hand, progesterone concentration in all three follicles (only one of 
which ovulated!) was low and remained low until approximately 6 hours 
before the next ovulation when the progesterone concentration rose very 
dramatically in the largest follicle. As can be seen in Fig. 5, testosterone 
and estrogen concentrations peak in the three largest follicles following 
oviposition (~22 to 18 hours before ovulation) and immediately preced- 
ing ovulation. What is of real interest is the observation that while pro- 
gesterone is present in the greatest concentration in the largest follicle, 
testosterone and estrogen are present in the greatest concentration in the 
second and third follicles, respectively. How and why each follicle re- 
sponds independently to tropic substances during the ovulatory period is 
not known. 

The inverse relation between steroid concentration and follicle size may 
be due to a more rapid rate of steroid synthesis by the smaller follicle but 
equally plausible is the possibility that the lower steroid concentration and 
content of the follicle destined to ovulate next may be due to a more rapid 
release rate of steroids than that of which smaller follicles are capable. 
Thus, the enigma of whether the whole ovary participates in signaling the 
hypothalamo-hypophyseal axis that GnRH and, hence, the ovulation- 
inducing hormone should be released, or whether the largest follicle 
destined to ovulate next determines alone its destiny, remains unknown, 
Furthermore, which one, two, or three of the ovarian steroids do the sig- 
naling remains to be solved and leaves a fruitful but difficult field of re- 
search which challenges the imagination of the scientists interested in such 
problems. 

E. THE MOLTING HEN 

Generally once a year, for approximately a month, many hens (especially 
of some breeds) stop laying eggs and molt. The cause of this interesting 
phenomenon has intrigued many reproductive physiologists Evidence ac- 
cumulated during the past 30 years indicates that molting is under endo- 
crine control. In 1961, Nakajo and Imai (50) reported that the total 
gonadotropic content of the anterior pituitary was greater in the nonlaying 
than in the laying hen. Tlic lowest pituitary content of gonadotropins was 
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found in the broody hen. Similarly, higher plasma gonadotropin levels were 
measured in the nonlaying hen than in h™ (^0 2 ^ 

Because the ovary also regresses m molting hens, 
these earlier studies whether the high pituitary 

ovarian insensitivity to gonadotropins was the ° ,„d 

(32) designed an experiment in which they measured both plasma 
pituitary FSH and LH levels and serum wtelhn, which is a vaM^^ 
ovarian activity. According to the was ap- 

the pituitary FSH content of the molting contrast, 

proximately twice that of the laying hen (3.9 ^ (o.7 

?he contem of LH in the pituitary of the '^’"SJdotropin 

„g/pituitary) was very similar (0.9 ^g/pituitary). Tot g 

activity of the pituitary increased as molting progressed . 

Serum vitellin levels normally decrease wilhin 5 ^ays a t 
tion of laying and increase again approximately 8 y 

first egg is laid. Injection of molting hens with estrogen caused g 
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found in the broody hen. Similarly, higher plasma gonadotropin levels were 
measured in the nonlaying hen than in he" 

Because the ovary also regresses in molting hens, 
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increases in <;cnim vitcllin which suggests that if the liver is stimulated by 
estrogen, it can produce >olk precursor.. Treatment of molting hens >Kith 
PMSG caused the formation of yellow follicles and Increased serum siicl- 
lin IcNcts. UcsuUs from this study suggest that the cessation of egg laving 
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during molting is not the result of a change in the 

and liver to gonadotropins and estrogen or inadequate gon P 

Tut rather an unbalanced secretion of gonadotropins due to elevated FSH 

levels. 


111. The Male Reproductive System 

A. ANATOMY OF THE REPRODUCTIVE TRACT 

The structure and location of the avian male j^otal 

nificantly different from the tract of most mammals Unlike th 
mammals, the paired testes are attached to the dorsal wall 
end of the kidney. The accessory reproductive glands i.e., p ‘ 
nal vesicles, which are found in most mammals, are absent m ° y 
Furthermore, the pampiniform plexus of blood vessels 
for temperature regulation of the mammalian testis is 
avians (75). In contrast, the avian testes function at a body temp 

Because the testes lack connective tissue septa, the tubules are ^ 
vided into distinct lobules (40). The seminiferous tubules, h^av'ng 
diameter and high fluid content, are surrounded by blood ves 
Leydig cells. Only a small epididymis, attached to the dorsat 
the testis, is present. The vas deferens, a long extensive ,, , 

runs posteriorly along the medioventral surface of the kidney, pa 

the ureters, and terminates in the cloacal wall. There b 

Birds lack an intromittent organ which is present in mammals. ^^^5 
a small erectile phallus in the ventral part of the cloaca, wine 
erect when it is engorged by lymphlike fluid. Since the bird “ 
sory glands, the seminal plasma is produced primarily by the se .^ 1 ,. 
tubules and the epididymis. There is also a transparent fluid, a 
from the lymph folds in the cloaca, which is expelled when sem 
lected from the cockerel. It is possible that some of this fluid 
leased during the normal mating process. For a more . j „m- 

ot the reproductive tract in cockerels and the physical and cue 
position of seminal plasma the reader is directed to a fine reviei y 
(47). 


B. TESTICULAR STEROIDOGENESIS ^ 

The function of the testis is the production of ''growth 

secretion of hormones. These sex steroids arc necessary for 
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and maintenance ot the accessory reproductive organs and regulate the 
courtship behavior. Estrogens, androgens, and progestins have been identi- 
fied in the cockerel. Hohn and Cheng (39), reported high concentrations 
of estrone, estradiol, and estriol in the testis of fowls. These data are ques- 
tionable because other investigators have found no evidence of estrogens 
in fowl testis (JO). As in mammals, the identifieation and elucidation of 
the role of estrogen in the testis is a major question demanding an answer. 
Similarly, progestins have also been localized in the testis but it is not 
clear whether the progestins act locally, have some extratesticular site of 
action, or are present as precursors of testosterone (8, 10). Cardiuali 
et al. (8) have identified testosterone as the important androgen in male 
fowl. The exact site of synthesis for testosterone is not clear because the 
enzyme A’-3-^-hydroxysteroid dehydrogenase has been localized in both 
the interstitial tissue and germinal tissue of the testis (77). 

In summary, it is necessary to identify what steroids are synthesized 
and secreted by the testis and to determine whether the interstitial and/or 
the germinal epithelium are sites of steroidogenesis. Hopefully, the cau- 
tious use of highly specific antisera against steroids may answer some of 
these major questions. 


C. CONTROL OF TESTICULAR FUNCTION 

The testis in the chicken is not an autonomous organ but, as in mam- 
mals, the testicular function is regulated by the hypothalamus and pituitary. 
In 1959, Nalbsndov (“IS) demanstrsted (hat hypaphy^ectotny at mals 
fowl results in gonadal atrophy, regression of sex organs, and distinct 
changes in plumages. Later studies by Graber et nl. (38) indicate that the 
gonadotropins appear to have distinct actions on the testis. While FSH is 
necessary to initiate growth ot the seminiferous tubules, LH causes de- 
velopment ot the Lcydig cells and subsequent synthesis and secretion of 
the androgens. The action ot prolactin in the male fowl is questionable. 
In an early study, Nalbandov (47) found that an injection of prolactm 
resulted in atrophy of the testis, decreased androgen production, and a 
reduction in comb size. However, some recent studies do not support 
these results as being applicable to all avian species. 

In summary, it is readily apparent that the structure of the male repro- 
ductive system of the bird is strikingly dillercnt from that of the mam- 
mal. Despite this diflercnce the interrelationships between the androgens 
and the gonadotropins appear to be similar in mammals and birds. Further 
investigation is required to define exactly what steroids are .synthesized 
by the testis and where they arc synthesized in the testis, and the function 
of these steroids in the cockerel. 
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I. Onset of Puberty and Sexual Development 

The age at onset of puberty can markedly affect an animal’s reproductive 
cfijcjcncy, especially m the female This is more important in the case of 
seasonal breeders where delayed onset of pubert) and behavioral cstnis 
could result in a year's dcla> in the production of the first newborn and so 
ma> reduce lifetime performance {4, S3) Prom a productivity point of 
view, the atiammcnl of p»bcrl> m the first breeding season is less im- 
portant m the male th m the female, but it could be important m selection 
programs b> shortening the generation intcr\a1 


553 
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A. SHEEP AND CATTLE 

In sheep and cattle, size appears to be more important than age in de- 
termining the onset of puberty (5, 7, 37 1 38, 81, 82, 88, 99, 109 111)- 
ferent authors have postulated a threshold or genetically determined weight 
to be the main factor in the female (5, 81, 82). This is not as clear-cut 
in sheep as it is for cattle because of the seasonal nature in which they 
breed. The level of nutrition, by influencing growth rate and time taken 
to reach this weight, therefore affects the age at which these ruminants 
reach puberty. It is impossible to distinguish between the effects of level of 
nutrition on somatic growth and maturation independently from sexual 
development and maturation. Puberty occurs while the animal is growing 
and the sexual organs are functional before body growth is completed. In 
sheep it occurs at 40 to 70% of adult body weight, depending on the 
breed. Single ram and ewe Iambs attain puberty earlier than twins and arc 
heavier (J7, 38). The restriction of energy, protein, or phosphorus delays 
the onset of puberty in heifers. Some animals, which lose weight over 
winter, fail to cycle by the end of the first winter (7, 81, 111, 142). Under 
very low levels of feeding, such as occurs in the tropics, some heifers do not 
exhibit heat until their third year of age (82, 160) . In the male, deficiencies 
of protein, vitamin A, and zinc also severely impair the progress of sexual 
maturation (38, 109,111). 

If it is desirable to mate sheep and cattle early in life, relatively hig“ 
feeding levels are recommended because there is a close relationship bo- 
tween general body growth and sexual development. 


B. PIGS 

In contrast to the above species, the attainment of puberty in tho gilj 
and young boar appears to be influenced more by age than by weight ano 
occurs in most breeds at approximately 200 days of age (18, 141, 152). 
However, there are conflicting reports on the effect of level of cither en- 
ergy or feed intake on the age and live weight at puberty in the gilt (8, • 

141). With mild restrictions of 60 to 70% of ad libitum intakes and even 
severe restrictions (50%) there have been reports of no effect, hasten^ 
onset, or delayed onset of puberty (91. 141). There are similar conflicting 
reports on the effect of protein levels in the diet. It appears that managena^ 
factors such as the introduction of the male to the prepubertal giU 
exert a greater influence on age at puberty than docs nutrition (18. 14 r 
However, it is recommended to feed gills so that normal growth rates at® 
obtained. Although gilts arc not usually mated at their first estrus, car ) 
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puberty, whether achieved by managerial or nutritional means, is im- 
portant because ovulation rate is related to sexual age (number of estrous 
periods expressed prior to breeding), and early mating is desirable to 
increase overall productivity of the sow (/S, 91). 

C. INFLUENCE OF NUTRITION ON ENDOCRINE FUNCTION 

AND SEXUAL DEVELOPMENT 

In ruminants sexual development is highly dependent on rate of growth 
of the animal and reduced energy intake, as well as impairing body growth, 
impairs growth of the endocrine glands and reproductive organs (37, 38, 
81, 111). There is good evidence that inadequate nutrition can have ad- 
verse effects on pituitary function, i.e., the synthesis or release of gonado- 
tropins, and may also influence the response of target organs to gonado- 
tropins or gonadal hormones (37, 38, 80). In malnourished ram lambs 
and bull calves, onset of the androgenic function of the testes is retarded 
more than spermatogenesis and this has been shown to be due to a lack of 
gonadotropins from the hypophysis rather than the inability of the testes 
themselves to produce testosterone (3, 38). In the severely underfed male 
the testes continue to enlarge and the seminal tubules appear normal but 
regression of the interstitial cells progresses until they become unrecogniz- 
able (81). Testicular histology in the ram is related to body weight (109). 

In ewe lambs it has been shown that there is a close relationship be- 
tween ovarian weight and body weight (37), and that Iambs fed at a high 
level prior to puberty have larger reproductive tracts in relation to body 
size and have more multiple ovulations than poorly fed animals (81). In 
contrast, gilts that were fed at three different levels (100, 75, and 50% 
ARC recommended requirements) from weaning at 8 weeks to day 30 of 
their first pregnancy had larger anterior pituitaries, adrenals, and thyroids 
when fed at the highest feeding level. However, the relative weight of these 
organs as a proportion of body weight was lowest at the highest feeding 
level. The proportional weights of the ovaries and empty uteri were the 
same (66, 117). 

Following severe undernutrition, optimal feeding of both males and fe- 
males rapidly restores pituitary and gonadal function, and the develop- 
ment of the reproductive tract is accelerated. There is little evidence to 
suggest that full potential reproductive capacity is not completely recovered 
except for the occasional report with males, where optimal feeding did not 
result in complete recovery in size and function of the testes (3. 81). Jn 
this latter case, the underfeeding svas much more sc\crc than ssould nor- 
mally occur In practice. 
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11. The Influence of Nulrilton on Reproduclion in the 
Mature Female 

Although specific deficiencies, imbalances, or the ingestion of toxic sub- 
stances can influence various aspects of reproductive efficiency, either short- 
or long-term energy intake is of great importance. A reduced energy in- 
take leading to a negative energy balance can lead to reproductive failure 
by influencing estrus, ovulation rate, fertilization rate, embryonic survival, 
prenatal losses, and birth weight (J, 52). 

A. ESTRUS. OVULATION, AND THE INTERVAL 
BETWEEN CONCEPTIONS 

In sheep and cattle submaintenance feeding and emaciation may result 
in a cessation of estrus with a suppression of ovulation or ovulation without 
estrus (3, SO, 81). Mature animals are more resistant to dietary’ restriction 
than immature animals especially if the onset is gradual, in which case a 
major reduction in body weight may occur before anestnis ensues. It lakes 
longer for an animal in good condition to become anestrus than one m 
poorer condition (5/). 

In sheep a high level of feeding, before and after parturition, reduces 
the postpartum interval to ovulation, and leads to more ewes cycling an 
being mated early in the breeding season (65, 89). The ovaries of well'fe“ 
lactating ewes contain mature follicles while the ovaries of poorly fed ewes 
remain inactive. Ewe live weight is significantly related to the postpartuin 
interval to first ovulation; in heavy ewes the interval averaged approw- 
mately 20 days while in light ewes the interval averaged 40 days. This JS 
especially important in accelerated lambing programs where a 6- to 8- 
month lambing interval is desired. A complex interaction between a low 
level of nutrition, lactation, and body condition and conceptjon 
exists. The infertile interval following parturition may be due partly to a 
lack of sexual receptivity or short heals of low intensity rather than tne 
absence of ovulation (65). In sheep, fasting has suppressed bchavjora 
estrus (95), and feeding at maintenance or submaintenance has rcsulte 
in longer intervals betw'cen cstrous periods and eventually to ovulation 
without estrus {81. 84). 

Usually adult cattle are lactating when mated and the level of nutnlio^ 
both before and after calving can influence the proportion of 
showing estrus and the interval between calving and conception {35, - 

83). Live weight and live weight changes have been significantly relate 
ovarian activity and the occurrence of the first postpartum estrus 
160). Long-term weight loss in cattle has led to an increasing incidence 
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ovulation without estrus and finally the majority of animals become 
anestrus {120). Low levels of protein intake have also led to an increased 
interval to first postpartum estrus {158). The dairy cow is a special case, 
in that during the first 2 months of laetation high producing animals are 
drawing on tissue reserves for milk production and, subsequently, are in 
negative energy balance {82). Lactation and low energy levels significantly 
delay postpartum follicular growth and ovulation {114). High producing 
cows even on liberal concentrate rations have a high incidence of cystic 
follicles and prolonged calving intervals {82). Occasional reports have 
indicated that high levels of feeding, compared with average levels of feed- 
ing, have led to ovulation without estrus, resulting in a longer interval to 
the first postpartum estrus (56, 164). 

In pigs a postpartum estrus occurs in a proportion of sows within 1 to 3 
days of parturition, but matings are usually infertile because ovulation does 
not occur. The sow returns to normal estrus 5-7 days after wean- 
ing (8. 18). High levels of intake and the feeding of sugar after weaning 
have advanced estrus {36, 103). Withdrawal of food and water for 24 
hours immediately after weaning has in some cases, stimulated the onset 
of estrus {141). Level of intake and quality or quantity of protein during 
the previous gestation or lactation can influence the proportion of sows 
showing estrus and can influence the estrous interval {141, 149). The 
feeding of a protein-free diet has led to a cessation of cyclical activity in 
some animals {18, 118). Information on the effects of specific vitamins 
and minerals on this aspect of reproductive efficiency in pigs is limited but 
in gilts, diets low in manganese have led to depressed behavioral patterns 
at estrus or estrous failure. Vitamin A deficiency has resulted in irregular 
cycles but normal or intensified behavioral patterns at heat and normal 
conception rates occur {111). 

In the mare, CuSO, in the diet shortened the service postpartum period 
from 33.4 to 26.1 days, decreased follicle maturation time, and increased 
the gonadotropic potency of the scrum (52, 112). Iodine supplements 
and injections of vitamins A, E, and possibly C have increased the pro- 
portion of cows coming into heat and reduced the interval to first-estrus 
(79, I6I, 162). Phosphorus supplements and ingestion of phytoestrogens 
in legumes arc reported to cause irregular cycling or reduce the number of 
animals showing estrus in sheep {42, 45). 


B. OVULATION RATE 

Both long-term levels of nutrition (and its effect on body weight) and 
sudden changes in the level of nutrition at or before mating can influence 
ovulation rate. Tlicse two aspects can have complcs interactions and 
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there are many variable reports on the effects of nutrition on ovulation 
rates. In a recent review, Lamond {82) stated that in Utter-bearing species, 
such as pigs and mice, sudden increases in the level of nutrient intake led 
to increases in ovulation rate. In species such as sheep and goats, where a 
variable proportion have two or three ovulations, the ovarian response to 
sudden increases in nutrition is not as consistent and live weight per se 
may be more important than live weight gain, but both are involved in a 
complex relationship. In contrast, for the uniparous species such as the 
bovine, live weight may be the only important variable. 

1. Pigs 

There are several recent extensive reviews on the influence of nutntion 
on ovulation rate in pigs (S, 18, 141). In the latter report nutritiona 
effects are discussed under three sections depending on the length of feed- 
ing period: long-term, within 21 days of ovulation, and single-feed flush- 
ing near ovulation. “Flushing” is the term used for increasing the level o 
nutrition prior to mating (81). If gilts were fed diets ad libitum for a long 
period before puberty, ovulation rates were generally higher than for gilts 
fed at restricted levels. However, age of the gilts was a complicating factor. 
In sows responses have been more variable, and there may be a cany-over 
effect from the previous gestation or lactation on body condition of th® 
sow. There have been reports of 0.9 fewer corpora lutea for every 10 
live weight loss in the sow during the previous lactation (8, 141). Increas- 
ing the level of nutrition for periods of up to 21 days or even 4-6 days 
immediately before estrus generally results in an increased owlation rate 
(S, 18, 19, 23, 29, 141). There have been some reports of success in in 
creasing ovulation rate or litter size by increasing the level of feeding o 
gills on the day of estrus but not on the day following estrus (19. 14n‘ 
Other similar experiments with gilts and sows have met with little succe^ 
Body condition may be important in whether a flushing response is o 
tained; thin, but not fat sows, have given a positive response in ovulation 
rate to increased feed intake (141). 

It is the energy component of the ration that is important and responses 
have been obtained from supplements such as glucose, sucrose, com J?'' 
lard. It has been suggested that an increase of 6 to 8 Meal of metaboliza ® 
energy per day is sufficient to stimulate the increased owlation rate. 1 
optimum duration of the high cner©* regime is 11-14 days before 
(8). It appears that the level of cncrg>' intake during the follicular P ^ 
of the tyclc is the important factor, as increases in intake in the first ha 
the cjcle have not increased ovulation rate (18). Starvation for lO 
prior to estrus and for periods as short as 48 hours following signs of csl 
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have led to lower ovulation rates when compared with ad libitum feeding. 
The hydrazine derivative, methallibure (ICI 33828) may block the mech- 
anism whereby high energy levels increase ovulation rate in pigs (^144). 
This compound is a hypothalamic inhibitory drug and inhibits the release 
of LH and FSH in swine. Quantitative changes in the LH and FSH content 
of the pituitary and progesterone content of corpora lutea dependent upon 
energy intake have been reported in gilts {144'). Whether the increased 
energy level acts directly on the pituitary or via some feedback mechanism 
has not been shown. Full feeding during the last 4-6 days of the cycle have 
led to an increase in follicle weight and the number of large follicles, and 
a decrease in the ratios of small: medium follicles and medium: large 
follicles (29). High levels of feeding have led to increased ovulation rates 
and heavier anterior pituitary glands (25). 

Protein intake within reasonable limits does not usually affect ovulation 
rate {18, 31). Occasionally higher protein content of the diet or amino 
acid supplements may enhance intake and ovulation rate in gilts {18, 149). 
Although deprivation of protein for one cycle has had no significant effect, 
prolonged deprivation (four to six cycles) has led to a significant reduction 
in ovulation rate {18). 

2. Sheep 

Ovulation rate and lambing performance in sheep have been improved 
both by flushing and live weight per so at mating {15, 22, 24, 49-51, 57, 
67, 82—84, 152) and these have been termed the “dynamic” and “static” 
effect, respectively. In some reports of improved lambing performance it 
is difficult to ascertain whether this was due to an increase in ovulation 
rate or some other aspect of reproductive efficiency. An increased twinning 
rate of 5 to 20% for every 5 kg increase in live weight at mating has been 
reported {5, 22, 24, 34, 49, 65). Differences have been explained on the 
basis of age, breed, and season (5, 22. 24). The relative contributions of 
skeletal size and body condition to this live weight effect have not been 
defined {15), but body condition score has been positively related with 
ovulation rate (62). Flushing increases ovulation rale by as much as 10 
to 20% {15, 24, 152, 155), but body condition may affect the response to 
flushing, as there have been reports of lack of response from ewes in good 
condition {152) or a positive response only from thin ewes {61). Tlicrc 
is much disagreement in the literature over the relative importance of body 
weight (or condition) and the flushing efleet. Inlcraclions arc com- 
plex, and it is difficult in many cases to separate one effect from the oilier. 

It has been found that flushed ewes have higher ovulation rates than those 
maintained in high condition (152). In contrast, other workers found no 
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significant difference in wrigM (2d). Ewes 

similar body weights that "'«= '='* continued to have high ovulat.on 

transferred to suhmaintenanc occurred (152). Reports of the 

rates until considerable weight '“s ^ ,5,^ live weight 

flushing effect have been less . j^^ennining ovulation rate 

effect so the latter may be more imp influence ovulation 

n st;ep. It has been stated that “ f to^^ 

rate, but that the increase m live brough nbo ,e«l 

responsible factor (49). Whatever the ’ j.^gased ovulation 

of Lake or feeding P"“\‘°b™ nflueLd by the duration of 

rate and the level of f ^eLds of 3 to 4 weeks or 

rng“tcomSdeTkhL^^^^^^ -ting may promote intake 

“‘"unL-e fiLngsiith swine, no P^J^^LortVari^L?^ 

been shown to he critical in respem to flnsh.ng and P 

prior to estrus have not had neatest early or late m 

bbtrirr^tutTh^^^^^^ 

have very little effect (67). ^ j UrttR enerrrv and crude 

Flushing responses have been obtained to both ene ^ fat 

tein levels in the diet. Concentrate ° ,^5 probably more im- 

have all proved efficacious and thus the energy le p 
portant k 57. /02. /52. /55). Tlie higher ^^^picular fluid 

Liated with larger follicles and Heavier P«"'- 

weight, and a higher ratio of largersmall cential) but 

,ari« have also been reported (and P^e Sian'S 

there was no increase in S°nadotropin concentration n th p^^^ 

(752). The actual nutrients responsible for the ”“7 ,hc pituitary 

isolated and the actual mechanism, whether acting directly on 
or via feedback mechanisms, has yet to be elucidated. ycarlinP 

Ac age of the ewe may innuence her response to Appears 

appear to respond to a lesser extent than mature ^ (at 7 m 

m have no cLr effect in ewe lamte (37). Mating ^ J=„";Lrtili.y a. 

9 months), however, may reduce live weight and —s q 
18 months, but not in later years (75. 159). Long-tcim 
have been shown where severe undemurntion “P "> ’f ^nd fif* 

led to a decrease in the proportion of twins at 'h' 'h • ,5,;, jeaP 

lambings (;27). Very severe ™ «.<I ovulation rn'C 

old) during the spring and summer have led to p , .gained, h'j' 

the following autumn, even alter body weight ^j^porary (dP>' 

il was not known whether the effect was permanent or P" 
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at the time of implantation, by affecting placental development and up- 
setting nidation {J04, 236). In pigs, protein quantity and quality are rela- 
tively unimportant in respect to reproductive performance of gilts or sows 
(18, 73, 218). However, there are occasional trials where conception rate, 
fetal resorption, or litter size may have been affected (63, 115). 

Because most diets for swine are formulated as balanced rations, reports 
of mineral or vitamin deficiencies are rare, but there have been positive 
responses reported in litter size to Ca, Zn, Se, choline, and vitamin A (96, 
121, 147, 163). Increases in conception rate and/or litter size have been 
obtained from feeding antibiotics (39, 131); negative responses have been 
obtained with rapeseed meal, probably due to the presence of a goitrogen 
(32). 

2. Sheep 

Experimental results on this subject are very variable and often contra- 
dictory. There is some evidence that level of nutrition or live weight affects 
fertilization or ease of conception. The majority of work suggests 
higher levels of feeding (both before and after mating) or heavier ewes 
result in improved conception rates (24, 30, 51, 57, 152), but some stud- 
ies have shown that flushed ewes are slower to conceive (152) and that 
ova from high plane ewes have a lower fertilization rate than those from 
low plane ewes (82). Previous level of nutrition appears to be important 
in that good levels of feeding for 4 weeks before or 3 weeks after insemi- 
nation improved fertility only in ewes that were previously moderately fed, 
but had no effect or a negative effect in those that were well fed previously 

The effects of nutrition on embryonic survival arc equally confusing an . 
again, experimental results have been extremely variable. It appears that 
high levels of feeding, concentrates, high live weight, and good body con- 
dition (irrespective of feeding) may all lead to increased embr>’onic loss 
(39, 57, 62, 752). Again, this appears to be influenced by previous fee 
ing levels, in that lower losses may be obtained if previous fecdi^ 
levels were moderate, but no response or higher losses may be o 
tained if previous levels were high (56). There have been many reports 
of no response, and they have varied from year to year and may be differ 
cni between breeds. On the other hand, several reports suggest that m 
some circumstances low live weight, submaintenance feeding, or short 
periods of starvation may also increase embryonic losses (26, 27. 39. 

163). In one .study, ova from poorly fed ewes were readily fertilized bu 
the zygotes were of low viability or ihc uterine environment was unsaus* 
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factory for survival (S2). The embryo loss appears to be sensitive to level 
of nutrition up to about day 26 of gestation only (39, 62) and, in some 
studies, as the period of restriction increased so did the incidence of 
embryonic loss (27). Younger ewes, fat ewes, and twin ovulating ewes 
appear to be most sensitive (26, 27, 39). 

The situation is very complex and is confounded because high levels of 
supplementation and high live weight, while they augment ovulation rate, 
may also increase embryonic loss, and these two factors themselves may 
be related. Because of the apparent risk also of nutritional restriction after 
mating, a moderate or maintenance level of feeding is recommended at this 
stage. Synchronization of estrus would be a useful aid in implementing 
the efficiency of feeding the breeding ewe (152). 

Some specific factors are also associated with conception and embryonic 
loss in sheep. Supplements of trace elements Cu, Mn, Zn, and Se have im- 
proved the percentage of ewes that lamb (40. 137). Estrogenic legumes 
have been associated with reduced conception rale, increased embryonic 
losses in the first 20 days, and also feta! losses from day 60 to term (30, 
39, 45). In estrogenic cultivars (varieties) of subterranean clover, concep- 
tion rate was significantly related to the content of the isoflavone, formo- 
nonetin (30). This infertility problem may be partially reduced by treat- 
ment with Se (58). Goitrogens in forage crops such as kale or rape and 
supplements of phosphorus have also been associated with increased 
embryonic losses (39, 42). The feeding of lupines before mating has also 
improved the number of ewes lambing and this was probably a response to 
protein (77). 

3. Cattle 

Fecundity in the bovine cannot be influenced by nutrition but fertility 
can be affected by both long- and short-term levels of nutrition, as well as 
the supply of specific nutrients. Both fertilization and embryo survival 
appear to be influenced. 

Nutrition over an extended period and its effect on body weight or body 
condition appears to be tbc major criterion influencing fertility in the cow 
(9, 82, 152, 160). Weight loss over winter before the previous calving can 
have carry-over effects resulting in lowered conception rates. Up to 10 or 
15% weight loss can be tolerated at this time without adverse effects pro- 
vided the cows are wcll-fed from calving to mating (82, 138, 152, 160). 
On the other hand, obesity is detrimental to fertility (10, 82, III, 119). 

Nutrition over short intcivals is also important, in that cows gaining 
weight prior to mating have higher conception rates than those maintaining 
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or losing weight (82. 100, 107, 138. 152, 160). Lactational stresses, es- 
pecially in the dairy cow, can lead to increased inseminations per concep- 
tion (82, 99, 152). Short-term increases in the feeding of cows prior to 
mating may be of limited value if cows are in poor condition, and it may 
be wasteful if cows have reached a body weight or condition capable of 
conception (S2). Mainly, this conception rate response is due to level of 
feeding, feed quality, or the supply of carbohydrate. Low conception rates 
have been associated with hypoglycemia and this has been ascribed to an 
energy deficiency (82, 99, 100). In the tropics or arid regions, feed quality 
may be the major factor influencing conception (82. 160, 165). Under- 
feeding of the cow between calving and insemination can result in both 
infertility and increased embryonic Josses (56). Short-term submainte- 
nance feeding of heifers has resulted in decreased plasma progesterone 
levels, reduced numbers and size of follicles, poor fertilizaton of ova, and 
reduced weights of corpora lutea (S2). Plane of nutrition can influence 
the ovarian response to gonadotropins and a 72-hour fast after PMSG 
injection has led to reduced follicular development (82). Similar to fintJ- 
ings with sheep, there are some reports where concentrate supplements 
after insemination have reduced losses if preexisting levels of feeding were 
low, no effect if the level was balanced, and increased losses if the pre- 
existing level was excessive (56). This latter observation may account for 
some of the reports where more services per conception were required for 
heifers raised on high planes of nutrition (152). 

There have also been reports of low conception rates where crude prO" 
tein levels have been very low and these have been improved by supple- 
mentation (99. 135. 158, 165), Responses have also been obtained from 
high quality protein supplements, but these may have been associated 
improvements in body weight and condition (75). Feeding of excess pr^ 
tein has also lowered conception rales, probably from increased embrj’onic 
losses after insemination (55, 56, 128). 

Water restriction after mating, with Us subsequent dehydration au 


weight loss has decreased conception rates substantially (71). 

In deficiency circumstances, supplements of various minerals, trace cie 
ments, or vitamins have improved conception rate or fertility in both cow's 
and marcs. There have been responses to P, Ca, 1, Cu, Zn. Co. and * ^ 
plus vitamins A (or carotene), B, and C (20, 79, 99. lOI, 128, I35, 74- ' 
152, 160-162, 165)- In some reports combinations were administered an 


it was then difficult to tell which nutrient induced the response. , , 

The following feed factors or nutrients in excess have been assoaat 
with depressed reproductive performance in cattle; goitrogens (in cruc« ' 
erous crops and legumes), phyiocsirogcns (in legumes), nitrates, thyro- 


protein, Na, P, Ca, and F (99, 128. 139, 152). 
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III. Influence of Nutrition on Reproduction in the Male 

While information for the stallion is almost entirely lacking, the mature 
mate of the other domestic species is remarkably resistant to nutritional 
stress and, in practice, male infertility problems of nutritional origin are 
seldom encountered (81, III). Some adult bulls and rams have produced 
sperm right up until death (152). Younger males are more susceptible to 
nutritional stress than adult males (81, 152). Severe undernutrition and 
vitamin A deficiencies are the two most common causes of impaired repro- 
ductive capacity in the male. 


A. LIBIDO 

Libido is an important aspect of male reproductive efficiency as it in- 
fluences the coverage of estrous females (97) and this could be critical 
with sheep and cattle in the field, when large numbers of females are 
cycling at the peak of the breeding system. It could also be extremely im- 
portant where modem research is advocating much lower ram/ewe ratios 
W. 

Libido is affected before spermatogenesis, probably due to depressed 
androgenesis (3, 38, 97, 152). In rams, submaintenance rations have led 
to depressed libido within 5 to 10 weeks and the decline progressed as 
underfeeding continued (16, 97, II6). Undemutrition similarly affects 
the bull (87, 111, 152). In some cases the decline in libido may have been 
due to physical weakness (152). Long-term vitamin A deficiency has led 
to decreased sexual activity in both rams and bulls (152). Because of 
liver reserves of vitamin A it often takes 5-6 months of feeding a carotene- 
deficient diet before the symptoms are manifest (109). Overfeeding and 
obesity can also lead to a loss of libido especially in hot weather (99, 165). 
In Europe on trace-clement deficient soils, supplements of I, Co, Cu, and 
Zn have led to increased sexual activity in bulls (2). There are very few 
reports of depressed libido in boars (111, 152). 

B. SPERMATOGENESIS AND SEMEN QUALITY 

Prolonged undernutrition has led to a depression or cessation of 
spermatogenesis in boars, rams, and bulls (17, 99, 111). Tliis is often 
accompanied by a decrease in the size of the testes and atrophy of Ihe 
interstitial cells (109, 111, 158). With rams on a restricted energy intake, 
the decrease in testicular weight w‘as accompanied by decreased testicular 
blood (low, oxygen uptake, and glucose uptake (109). After prolonged 
undernutrition in all three species, semen quality was adscrscly affected 
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viability and survival, and increases Successfully 

152. 158). Optimal nutrition appears to reverse the ^ ^jth 

oil). Not all the reports of poorer semen quality are ^3,5 
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this could be quite important as fecundity ^ insemination the 
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fertilization rate of ova increased as the numbers o niain 
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biological properties of seminal plasma; the production of fmetos ,^^^^ 
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This is a consequence of the reduced testosterone secretion 
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Most of the above responses are due to level of ..jig„ jupple- 

116, 158). It appears that if sires are not m Boo^ body c 
mentary feeding 2 months prior to breeding may P- puigi effect on 
mance over the subsequent mating period by virtue of a b a 
libido and sperm production, as it takes approximately V 
gamete to develop, mature, and appear in the , 'nt in its 

Quantity or quality of protein appears to be relatively P ^5 (72, 
effect on spermatogenesis unless it results in depressed 
III, 152). Some responses have been reported in sh^P re- 

pecially where energy intake is inadequate (97, „.„ent fer- 

sponded in increased sperm production and quality (and s 4 
tility) from supplements of lysine and melhionine (113, 1 , uflecls 

Vitamin A deficiency inhibits spermatogenesis and advers j 
.n,.r, niialiiv and fcrtilitv in a fashion similar to undernutritio 


Vitamin A deficiency inhibits spermatogenesis „ (12 

semen quality and fertility in a fashion similar (flamet« 

109, III, 152). Degeneration of the germinal epithelium, reoue ^,5 

of the seminiferous tubules, and testicular atrophy are common 
and these arc usually accompanied with cystic changes m 
(Ill, 152). These signs of damage can exist for long 9“'° ,, ,,00 of 

plementation with carotene. The pituitary changes sugges . ,jpn of 
gonadotropin production or release, but intratesticular “PP pilui- 
vitamin A has restored spermatogenesis in surrounding tissue, gj. 

tary changes have not been found in swine, but this may only 
grcc of deficiency (III). Supplements of vitamin A and . ^inc. 

® i:«.. «.rvr»r'f»ntinn raiCJi . 


improved sperm production, semen quality, and conception ^ 

the latter especially in hot weather {70, 166). . . no sp®' 
fatty acids arc required for testicular integrity in small animais 
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clfic deficiency symptoms related to these nutrients have been found in 
farm animals {98, 111). The feeding of fat-free diets to boars, however, 
has led to a decline in testicular weight and spermatogenic activity (J52). 
This could be due to a deficiency of either the fat-soluble vitamins of es- 
sential fatty acids. 

There have been responses in sperm production, semen quality, and 
fertility in sheep and cattle to the following trace elements: Cu, Co, Zn, 
Mn, and I; and responses in semen quality to I in stallions (//, 20, 109, 
116, 133, 148, 158). 

Polyphenol oxidase supplements in the feed have improved semen qual- 
ity and fertility in boars and bulls {143, 158). Feeding of excess thyro- 
protein or goitrogens to rams has lowered semen quality {152). 


IV. The Influence of Nutrition during Pregnancy on 
Development and Survival of the Fetus and Neonate 

The most recent and comprehensive reviews on the nutrient require- 
ments for pregnancy in domestic animals are those by Lodge {92, 9S). 
Moustgaard in the first two editions of this book reviewed the patterns of 
nutrient deposition in the products of conception for the porcine snd 
bovine (110, 111). These were based on chemical analyses of fetuses, 
fetal membranes, fetal fluids, and uteri. Similar data now exist for the 
ovine where the pattern of retention of some major minerals and other 
have been obtained by analyzing the prodnets of conception 
at various stages of gestation (48, 85, 125, 129). Data for trace elements 
are not available at this stage. Except for dietary energy and protein there 
is very limited information on (he utilization of other nutrients for preg- 
nancy. Sheep and cattle utilize metabolizable energy for fetal growth with 
a net efficiency of 10 to 14% and for conceptus plus mammary develop- 
ment of 16 to 24% {94, 106,123, 124,150). Because the fetus requires 
energy in the form of glucose, energy utilization for fetal growth is prob- 
ably less cflicient in ruminants than in pigs because the final products of 
ruminant carbohydrate digestion are volatile fatty acids rather than hexoses 
(93). In sheep, especially those on restricted feeding, body protein is used 
for gluconcogcncsis and this contributes to the heal increment of preg- 
nancy (60, 93). Swine may also mobilize tissue protein for conceptus de- 
velopment (76). In sheep, protein is utilized with an cfltcicncy of 20 to 
30% for conceptus growth (150). Protein and amino acid requirements 
for pregnancy in swine were given recently (41 ). It is outside the scope of 
this chapter to list detailed requirements for pregnancy, but they arc readily 
available from the above reports. In the bovine the situation is compli- 
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cated by the fact that usually the requirements for pregnancy and lactation 
overlap (95). 

A. PRENATAL GROWTH AND DEVELOPMENT 

Fetal growth follows an exponential pattern, but the basic instantaneous 
growth rate decreases as parturition approaches (78, 125). The fetus, fetal 
membranes, and fetal fluids change as relative proportions of the conceptus 
(Fig. 1) as gestation progresses (125, 134). Placental development is 
virtually completed by the end of the second trimester of pregnancy, while 
80% of fetal growth occurs during the final trimester (44, III, 125. 129. 
134). Nutrient requirements for the fetus follow a similar trend to fetal 
growth, being very low in early pregnancy and increasing markedly in the 
last trimester. For example, total energy requirements rise during late 
pregnancy until they are 50-100% greater than the nonpregnant mainte- 
nance requirement (93, 105, 124, 130). 

Undernutrition, in terms of energy or protein level, in late pregnancy 



Fja 1- Weights of both fetuses, membranes plus placenta, and fetal flui * ^ 
difTerent stages of gestation for the ditokous ovine. Fetuses. — O — i mem 
plus placenta, — Q — • fetal fluids, — A—. From Rattray « at. (.125) and Rat 
(unpublished). 
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can result in a substantial depression of birth weight, and this is asso- 
ciated with increased perinatal losses {21, 44, 54, 93, 111, 115, 134, 152, 
157) Shearing of ewes m late pregnancy has led to higher birth weights, 
possibly by stimulating intake {132) Underfeeding during early and mid- 
pregnancy generally has had little adverse effect on fetal development and 
birth weight, if the ewe is well-fed m late pregnancy (25, 108, 111) Nu- 
tritionally restricted fetuses have demonstrated compensatory growth and 
development when given the opportunity to do so {44) Maternal under- 
nutrition in early and midpregnancy has led to restricted placental devel- 
opment m sheep, and this could limit potential fetal growth in late preg- 
nancy {43, 44) Underfeeding of ewes and cows has shortened gestation 
{44, 152, 157) Ad libitum fed ewes also have had shorter gestations but 
their intakes declined in late pregnancy {152) This decline in intake of 
well-fed ewes in late pregnancy has been commonly encountered in twin 
bearing or fat ewes, and this may be due in part to the increase in uterine 
volume leading to physical reduction of rumen capacity and to some 
metabolic factor {43, 46, 47, 125) Birth weight and gestation length 
have been found to be highly correlated with live weight at mating in 
multiparous ewes {74), but not in single bearing ewes {43) 

Energy deficiency in late pregnancy can result in pregnancy toxemia in 
sheep with the resultant loss of both ewe and lamb {93, 111) Excessively 
high levels of feeding can lead to large single fetuses with an increase in 
lambing difficulties and lamb mortality associated with dystocia {28, 64) 

In swine, excessive feeding during pregnancy can be wasteful and may im- 
pair parturition {21), but feeding of pelleted diets has increased birth- 
weight {154) 

Adequate supplies of minerals and vitamins during pregnancy are neces- 
sary for normal development of the feluses {111) Several minerals have 
been shown to affect fetal development The stage of gestation at which a 
deficiency occurs influences its manifestation {69, 111) Depending on the 
severity of the deficiencj, if it occurs in the first third of pregnancy when 
organogenesis is sensitive, structural abnormalities or fetal death can 
occur, if It occurs in the last two-thirds of prenatal life, functional abnor- 
malities, death, or nonviable offspring may result {111) Of the major 
elements, Ca has received the most attention and its deficiency leads to in- 
creased stillbirths {93, 111) Vitamin D supply may influence this Even 
though a shortage of P may impair estrus and ovulation, it appears to have 
little effect on pregnancy per sc Iron deficiency will lead to anemia in the 
mother, but while fela! hemoglobin levels appear normal, it may predispose 
the nconalc to anemia In swine, especially, the hemoglobin level of the 
suckling new bom falls, and exogenous Te in addition to that in the milk 
needs to be supplied Attempts to clevalc fetal Fc levels by increased 
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maternal supplies have been unsuccessful (93, III). Iodine deficiency or 
ingestion of goitrogens lead to fetal death, abortion, congenital goiter, 
lowered birth weights, and debility of the neonate (32, 85, 93, III, 
Manganese and Zn deficiencies arc associated with several abnormalities, 
such as, gross fetal malformations, reduced birth weights, fetal resorption, 
and stillbirths (69, 93, 111, 152). Copper deficiency influences fetal devel- 
opment with the birth of weak, ataxia oflspring (93, III, 152). Tin's may, 
in ruminants, be aggravated by excess dietary Mo (///). Selenium defici- 
ency has also led to an increase in fetal resorption in pigs (96). Excess 
amounts of S, Na, and NOj have caused abortions in sheep (39, 93. 103, 
119, 152). Phytocstrogens have also appeared to be associated with in- 
creased losses of ewes and lambs at parturition (152). 

Deficiencies of vitamins E and K have caused fetal resorption in lab- 
oratory animals but there appears to be no relevant data for farm llvestoc 
(93, 122). Shortages of several of the B complex vitamins have been im- 
plicated in causing congenital abnormalities and fetal resorption in pigs 
and rats (95). There is a well-established relationship between vitamin 
supply and fetal development in most species. A deficiency will^ 
congenital malformations, abortion, retained placentas, an increase in still- 
births, and debilitated young (93, 152). In pigs there has been a response 
in birth weight and numbers born with supplements of this vitamin (iP), 
but in rats an excess intake has led to fetal malformation (111, 315)’ 
Choline levels have influenced (he number of live pigs per litter 
Vitamin D deficiency, because of its close association with Ca and P 
metabolism, can lead to the birth of rachitic young (95). 


B. THE EFFECT OF PRENATAL NUTRITION ON POSTNATAL 
SURVIVAL AND DEVELOPMEITT 

The effect of undernutrition in late pregnancy can influence early post- 
natal survival by, either directly affecting the neonate or by carry-over 
effects on the dam. The reduction in birth weight is commonly associate 
with impaired neonatal vitality (44, 93, 111, 152). A good example is m 
lambs, where there is a high incidence of mortality in very light anima s 
(64, 152). Underfeeding of ewes in late pregnancy has led to light lam s 
with lower fat depots and less liver glycogen and, because of their limitc 
energy reserves at birth, and their relatively high surface area to bo y 
mass, they succumb more easily to exposure in inclement weather; t 
resultant loss of suckling drive may cause physiological starvation. TTus JS 
enhanced by delayed onset of lactation and restrained behavior of the dam 
(44. 156). 

Frequently the young from mothei^ that were poorly fed during ge^ta 
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tion have slower postnatal growth rates, and differences in birth weight 
may be magnified by weaning. Slower postnatal growth is usually asso- 
ciated in part with reduced milk production of the mother. Part of the 
cause of these lowered growth rates could have been due to reduced num- 
bers of fibers in skeletal muscles (44). This could be of major concern in 
meat-producing animals. In a recent study with the ovine, on hyperplastic 
and hypertrophic growth of early, intermediate, and late developing tis- 
sues, it was shown that cellular hyperplasia of early developing tissues was 
still evident near term {126). Nutritional stresses can have irreversible 
effects if imposed during cellular hyperplasia, so adequate feeding in late 
prenatal and early postnatal life is essential. There have been reports 
of permanent effects on mature weight and wool production from severe 
undernutrition during pregnancy in sheep {44). 
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I. Introduction 

The creation ot new ■"d.v.duals which re^emb.e^ W - ^ 
essence of reproduction, and genetic^ ndividual inhcnts from its 

concern of this chapter The genes w ^ ,nd,vidual, including 

parents normally determine the genera mhcnnncc of re- 
ds reproductive characlenstics An ^ genetic im- 

productisc performance therefore ,hnt d is not 

provement, improsemcnt which is ironmcnl through 

dependent upon potentialls costly mo i . ]og|„l manipuHiions 

t.,; use of husbandry. Isc tint, providing 

Genetic improsemcnt “ "^ossib.htv of furtheV change should 

sanation IS conserved ° poicntnl to combine perma- 

objcctivcs or circumstances al ot genetic improvement Just .as 

ncnce with ncsibildy influence ds reproductive performance, so 

.he genes an 'f m lum. mnuence .he 

the reproductive rate of a group or 
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possibility of genetic change for it afTccts the number of individuals avail- 
able for selection. 

The physiological study of genetic variation may indicate which physio- 
logical component is limiting the output of a particular system; and, as a 
result, it may be possible to define a physiological criterion for genetic 
selection to improve the output from that system. The quantitative physio- 
logical expression of genetic variation is, therefore, of particular concern. 

This chapter does not claim to be comprehensive, for little space has 
been found for variation in male performance, perinatal mortality, or for 
reference to the extensive literature on birds, laboratory animals, and man. 
The emphasis is on quantitative variation and the improvement of domestic 
mammals. Within these limits, I hope to deal with some theoretical and 
practical aspects of genetic variation in reproductive performance. 


II. Determination of Sex 

In mammals, male and female gametes are produced by different indi- 
viduals; sexual reproduction is obligate. Fertile males and females would 
be favored by natural selection, and deviations from normality progres- 
sively eliminated. With little variation in sexuality within sexes, the hy- 
potheses regarding the inheritance of sex in mammals are largely bas^ 
on extrapolation from lower animals, and from the study of abnormalities 
(5, IS. 43, 46, 58). This account and the summary (Fig. 1 ) are based on 
these publications. 

During embryogenesis, the gonads develop from the genital ridps 
colonized by primordial germ cells which have migrated from the region 
of the yolk sac. There are, therefore, two sources of the determination o 
sex: the germ cells and the gonadal stroma. A third component is recog- 
nizable as the ability of somatic cells to respond to gonadal activity in the 
determination of secondary sexual characters. 


A. GONADAL AND GERM CELL SEX 

In the presence of a Y chromosome, the medulla of the embryonic gon^ 
normally develops to form a testis, whereas in the presence of 
chromosomes the cortex normally develops to form an ovary. In the pres- 
ence of two X and one Y chromosome the Y is dominant to the extent that 
a testis is formed and the phenotype is male but sterile, indicating t c 
overriding influence of the Y chromosome on gonadal and phenotypic^ 
sex. This can be mimicked by autosomal genes (c.g., the intersex goat ao 
sex-reversed mouse) which effect the development of a testis, secreting 
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aniioEmB, in »ie jy™ 

cells is independent of that of the gona s e testicular femi- 

Anomalies may also operate m t „n;pd bv small testes with no 

nization, when an XY genotype is fLat phenotype. The 

spermatogenesis but showing a ^ testosterone on somatie 

gonad, however, is not reversed, j„„pinn in response to testicu- 

tissues is blocked, and female charactens ICS reduces hypo- 

lar estrogens. The bloeked response to testosterone 

thalamic feedback ( 24 ). i„.,Uc to the formation of an 

The presence of a single X <=‘'romosome leads totoj^oj^^^^ 

ovary in several species, but with t e normally required for 

is blocked, indicating that T"\terilitV normal endocrine activity 

the development of ova. In addition to sterility, norm 

of the ovary is absent. therefore concern the develop- 

The genetic abnormalities ,, he formation of an ovary 

ment of testes in unusual circumstanc ’ . .. ,|onal modification has led 

in an “XY environment.” This virtua absence of modifica- 

to the argument that the female gon mechanisms may control the 

tion in a male direction. The same ^ ^^g^'^leness (47), but 

development of both sexes, testos growth rate at the 

'm ‘.js. 

s-r s'st -s r.;sr::iss. — - » 

selection. 

B. STEROID SECRETION AND SECONDARY SEX 
somatic tissue is 

ondary sexual characteristics an T-p,;i!cuIar feminization demonstrates 
enced by fetal steroid production. ^ j,, apparently 

the ability of XY somatic cells ^^^w that XX somatic cells can 

normal externally. The sex^eve testosterone eliminates or reduces 

show male characteristics. j je ,;cx is a function of gonadal 

hypothalamic cyclicity so that hypothalamic 

sex (59). . , ,mroid hormones in the determination 

Tlie central role of «'’= 8° secondary sexual characlcristics may 

of both hypothalamic and extern production between normal 

have led to the cle.ar ^ „„„ |,avc been intense seleetion 

males and females. In particular, there mu 
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Fig. 1. Summary of the effects o£ genetic abnormalities on sexual differentiation. 


for the reduction of testosterone production by the female, for this hor- 
mone would have destroyed the essence of femaleness, hypofhalamtc 
cyclicity, positive feedback and, in due course, ovulation — possibly through 
changes in the balance between the conversion of androstenedione to 
testosterone or estrogens. 

The genetic determination of sexual and asexual phenotypes is sum- 
marized in Fig. 1. The sex of the gonad influences external phenotypica 
sex, but not the sex of the germ cells. Germ cells, however, only develop 
in a gonad of the same sex, and in the female two X chromosomes are 
usually essential for oogenesis. Secondary sexual characters are dependent 
upon gametogenesis in the female but not in the male. The role of th® 
autosomes and the number of genes involved in sex determination remain 
to be resolved. 

Most attempts to artificially influence sex ratios have considered the 
separation of X and Y carrying sperm with little consistent success. It may 
be fruitful to consider the modification of diflerentiation following fertiliza' 
tion, either physiologically or immunologically. 


111. Variation among Species 

Females of different eutherian mammalian species give birth to littery 
which vary in weight by a factor of approximately lO’’, from as much as 
metric ton in the case of some whales to as little as 2 gm for the shrew, a 
clear example of genetic variation in reproductive performance withm t 
female sex. This variation is associated with differences in body weight, an 
it has been found that log litter weight (gm) is equal to 0.8 log materna 
weight(gm) —0.33, (40) so that, in general. Utter weight would be eX 
peeled to vary around an average value of 50% of maternal weight to t 
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power 0.8. One of the of mateTnrSl 

weight increases, litter weight as an P ^ proportion of 

will decrease. The weight of individua X & ’varying around an 

maternal weight is independent of 

average of 5% (Taylor, to a lower power of maternal 

the consequences of litter weight being number in a litter must 

w.l,h, Ih., I. i»divid..l bWh be 

fall as maternal weight increases, and, moeea, su 

St. C. S. Taylor are summarized below. birth weight ex- 

Perinatal mortality tends to '^^.^tties at parturition, and when 

ceeds 10% of maternal weight due to , morbidity. The present 

it is below 3% of maternal weight due o n niaximum 

reproductive system of mammals, there , j„areases below 3% of 
size such that when the total weight of decr^eases^bel^^_^^^ 

maternal weight, then, even with ’ ® increases beyond the point 

at the limits of survival (i-e., when adu g 

when 50% of adult weight to ‘'’® ' P°' ^n the ratio of litter weight 
weight). The superimposition of a 5% mea the two 

to adult weight (Fig. 2) shows that the urge t mamm^^ 

lines meet. With lower maternal bo y «’ ntubiple births could be 

weight is greater than 50% (maternal weight) multiple 

'"GWen the evolution of the present — eeTlirst^ 

natural selection has led to a negative 

maternal weight. Why then is the ^ answer to this paradox 

where larger strains tend to have '“^Scr htters? The ansv^ ^ 

may be in the duration of pregnancy. fetuses of larger species spend- 

positivcly related to „,ion to around 5% of their adult 

ing a longer time to E™"' ^ species, however, is a potentially 

weight than those of smaller p ,bc duration of pregnancy is 

interbreeding group, so that wi growth in a given period of time, 

relatively constant. With "o rflative!;. small young 

large strains within a SP« Tliis is home out by the hlcra- 

and small strains to rclati ^ between strains within a species 

turc (i2. 61). Tlie range o disiribution by the 

will, therefore be cpoucrfor it to be more than around 3% 

ability of the fetus to g • ^ end of the 

of maternal weight, anil nenee 
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MATERNAL WEIGHT (kg) 


Fio. 2. The relationship between maternal weight and total newborn litter weig 
(adapted from Leitch et at., ■40) together with a 5% individual birth weight (broken 
line). 

distribution by the ability of the fetus to grow sufficiently slowly for it to 
be less than around 10% of maternal weight, and hence not to suffer front 
difficulties at parturition. With large strains giving birth to relatively sma 
young, and small strains to relatively large ones, there would be spare 
“conceptus capacity” in the large strains, but inadequate capacity in the 
small ones, so that natural selection would favor the birth of numerically 
larger litters by the heavier strains and vice versa. These facets of mam- 
malian reproduction may be summarized as follows: 


Lag Utter weight = 0.8 log matenial weight — {L33 
Individual birth weight = 5% of maternal weight 
Gestation is more closely related to body weight between species 
than within species 


There are many exceptions to these generalizations. For example, ba s 
produce single young of up to % of maternal weight, and at the 
extreme, neonatal polar bears are only %on maternal body weight. ^ 
domestic pig produces more and smaller young than might be expecte 
Both the generalities and the exceptions are important. The generalPes 
provide some understanding of the processes. They do enable deviations to 
be detected and measured so that new features may be recognized and cx 


planations sought, and unusual capabilities may be utilized. 

Given that such a reproductive system has evolved, it is reasonable n 
conclude that it is one of the factors which determines both the range o 


•Vv 
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body weight in mammals, and the lay that these 

litter size within and between reproductive system has evolved 

restrictions cannot be broken. The p demonstrates the possibility 

and is still evolving; the presence °f ^/"ever, help to sum- 

of further changes. The relationship ojuctive performance, and 

marize the extent of genetic varia ion domestic animals may be 

indicate that the long-term developm factors rather than simply 

dependent upon the consideration o mean- 
looking at single characters ,er will be concerned with the 

time, however, the remainder o i esoteric excite- 

improvement of our present amnia ' differentiation, 

ment of producing new ones, or o 


IV. Varialion within Species 

The earlier part of ‘hjs chapter ha^^dealt are obviously 

tion of sex and with difference cenetic, and may take the 

genetic. Variation within species strains, or differences between 

form of differences between breeos 
individuals within populations. 

.. Of . 

If two groups of animals generation, we can conclude 

and it this difference is presen transmission of the dif- 

that the difference is probably gc • j|„d it is this transmission 

ference to the next generation wtijc jmprove- 

and clement of permanence w • parent and offspring or between 

ment. Sometimes the resemb ance aits inherited as "single genes.” 

sibs may be striking, as m c nnantitativc rather than qualitatnc, 

More often, the resemblance wi ^ unrelated animals, and 

related animals will tend to statistical analysis may be neccs- 

when many genes are measurement of genetic variation is the 

sary for their demonstration, inc n on the subject is the book 

science of quantitative genetics, . 
by Falconer (/^)* 


1. Genetic Selection ^onetieally. the object of genetic selec- 

Given that a trait is genes with a favorable inllucncc on the 

tion is to increase the freq 
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trait in question. Operationally, selection is the choice of parents, and at 
its extreme this may be preferring one species to another, or the choice 
of a particular breed within the more suitable species. Improvement within 
a breed or cross, however, is dependent upon the ability to identify 
individuals or breeding groups carrying favorable genes to pass on to the 
next generation, and so increase their frequency. The success of this pro- 
cedure depends on how much of the superiority of a particular breeding 
group is transmitted to its offspring. This portion is calkd the hcrUsbiyay 
of the trait and can be used to indicate the rale of response to genetic 
selection. Tlic response (/?) is equal to the superiority of the parents, 
termed the selection differential (S) X hcritability (/ri), i.c., R — Sh'. The 
selection differential may be considered in terms of the proportion of in- 
dividuals selected, for if the variation in the trait in question is normally 
distributed, and this assumption is basic to the present discussion, the 
deviation of an extreme group from the overall mean is a function of the 
proportion of individuals selected as the elite group and the phenotypic 
standard deviation of the population, so that R where i ihe 

selection intensity is the number of standard deviations by which the mean 
of the selected group exceeds that of the overall population and op the 
phenotypic standard deviation. As the proportion of the population se- 
lected decreases, the superiority of the selected animals increases, but 
meets with the law of diminishing returns (see tabulation below) : 


Proportion 

Selection 

selected 

inicnsny 

0 4 

I.O 

0.2 

J.4 

0.1 

1.75 

0.05 

2.D6 


When the number of selected individuals is fixed, (and this is often the 
case in practice) it can be seen (hat a fourfold increase in the size of the 
population as selection increases from 1 in S to 1 in 20 only gives a 50S^ 
increase in the rate of response. 

The use of standardized units allows different selection intensities on 
males and females to be pooled, e.g., if 1 in JO males and 4 in 10 females 
are selected each generation, i per generation is (1.75 + 1.0)/2, and, as i 
is a property of the breeding structure of a population, the relative merits o 
different population structures are easily compared. It also emphasizes t e 
importance of total variation to the rate of response to selection. Response 
to selection for a trait with a low hcritability but high variance could we 
be greater than that for a trait with low variance no matter how high 
herilability. 
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In terms of animal improvement, the response per year is 
R (per year) = (i/L) <r„h- 
when L is the mean generation “ 

therefore, partly dependent upon the bre g ^ partly on the 

which determines i/L, the annual selection intensity, and partly 

characteristics of the trait in question. .. . j ,he present to the 

The heritability ^fp^e/rh caution, for it as- 

future and, like all predictions, it sho „_r!imetprs do not change! 

sumes, among other things, that the popu a ‘O" P 

As gene frequencies change as a ‘ ,;hich does not consider 

tabUity. Furthermore It is a stabs gpp,^ 

specific gene interactions, nor .u„n„es in the environment. It is 

with major effects or able to cope w ffppievvork for the considera- 

certainly not an end in itself, P™^' ^p, gppd as the trait in 

tion of genetic improvement schem _ /s^ow the importance of 

question, and the later sections of T-ui^simpleminded application of 
understanding the trait to be improved. The simplemm 
statistical techniques to complex traits is o s 

2. Rate of Response to Selection 

- • cpiertion among males is limited by 

In a population of a given size, sel apH bv the inbreeding 

number of females to which a male can be m ed nd by m 

which can be tolerated. If ■\‘„° .;';:Ts in general, deleterious, 

too few males, inbreeding may occ , sj.pation is very different, for 
With selection among reprodX rate is so low that 

With sheep and cattle, m particular, -ntoio thp nnnulation. Selection 

most of the individuals have to be kept to mai^^^^^ several times, but this 

may only be possible reproductive rate of females, and to 

lengthens the ’"‘"7“'„p,es impregnated by a male therefore in- 

a lesser extent, the number of females i p & 

fiuence the rate of response to selection. , ^ fp^t that it can 

Selection for reproduction is limited. Males ei.he 

only be measured m the sex conccmc performance of their 

have to be chosen at random or on f_.pp, selection to half, 

female relatives reducing the rate of g 
or less, than that possible if males also expressed the trait. 

a. Indirect Selection, ^"‘''^‘^'^'^“p"pnp'^corrclatcd with ih and the 
eiriciem to improve a trait by p,e pr measures of endocrine 

possibility of using ovulation rate, ' ‘ discussed later. The 

activity as criteria for selection for lit . . , , , f,,, recognized at an 

use of sueh traits may enable supenor individuals to oe re 
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earlier age and so reduce the generation Interval. The success of such a 
scheme depends upon the annual selection intensity which can be applied 
to the new trait, and on the genetic relationship between that trait and 
the trait of commercial importance. With equal selection intensities, the 
response to indirect selection for trait A via selection of trait B is equal 
to direct selection on A when r,xhtt = //a (where is the genetic correla- 
tion between traits A and B). In order to benefit, therefore, or the selec- 
tion intensity on trait B must be greater than for trait A. If A is sex 
limited, indirect measures on both sexes would be advantageous when 
was greater than i.c., where was or more with equal heritabili- 
ties and annual selection intensity. 

b. Repeated Measurenients. The object of selection is to improve 
the genotype. The heritabiliiy of the trait indicates the accuracy with which 
we can identify superior genotypes in a random breeding population through 
measures of the phenotype. Indirect selection is beneficial if the genotype 
of the trait in question can be measured more accurately through the 
phenotype of an associated trait. The use of repealed measures of a trait 
is an attempt to reduce environmental variance, and hence increase the 
accuracy of estimation of the desired genotype. The heritability of a senes 
of n observations (hi) is equal to: 


hi 




1 + (n - l)r " 


where r is the repeatibility of the trait (this includes nongenetic as well 
as genetic sources of similarity, so that it is the upper limit to the heritabil- 
ity). As the number of observations increases, /j* increases towards A'A* 
The lower the repeatibility, the greater the advantage of taking repeate 
observations. 

The use of correlated traits or repeated measurements may be sum- 
marized as attempts to improve the rate of response to selection througn 
increases in r^h (rx = 1 when selecting directly), and are therefore coi^ 
plementary to the effects of changes in annual selection intensity discussed 
earlier in this section. The response to selection is covered further by 
Pirchner (52) and Turner and Young {64). 


B. EXISTING VARIATION 

1. The Effects of "Single Genes" 

Single genes in this context cover genetic effects which are inherite^^ 
a unit to produce a readily recognizable characteristic or syndrome. Tn^ 
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inheritance of sex is an extreme example of the effect “ SS 
Most single genes are recognized through "/ari ffrom the 

and as su\h tend to be abnormalities; “ of 

effects of single genes. The review “f Bishop ( 5 ) ogetherw.tn 

Young (70), and the catalog of cattle abnormaliti ( g . 

“nllrSptorchidism and gonadal •’VPof « 5:^^ 
controlled by single genes. Possibly the ™os in^ reduce the size of the 
hypoplasia is that in some breeds o fncnmal route of control of 

gonads of both sexes, indicating “ another genetic disease 

testicular and ovarian function. Amo g > anterior vagina and 

is white heifer disease, where fluid secretions accumulate 

cervix is restricted to a varying degree, p,»nrh breeds of cattle 

1. u,™,. 

has led to increases in the incidence 

associated with reduced fertility and calving ^ hy the fact that 

Th. .f >'< 

many such genes are recessive. The population 

square of the gene frequency (the frequencies, selection 

represented by the particular ^ reduced, the incidence of 

is successful, but as the ^ jofs the proportion of the defective 

the syndrome decreases raP'^ly , ,^is equal to the gene frequency. 

genes carried by affected individuals, f th^^_^ example, only 1 animal in 

When the frequency is reduced to . . t' frequencies the 

10.000 is affected but 98 are .”^7"^ec on the frequency of 

elimination of affected animals has a trivial atlec on 

the gene or the subsequent incidence o t^e a abnormalities, and by 

Despite the infertility mduced by ,hey 

those concerned with the determinatio , ’ ir all, with natural 

will only be reduced in '""LL to^be inOuenccd by artificial 

selection. Tlicir frequency IS much mor y them. This is 

selection on dominant genes ^ Jjal hypoplasia, when the 

thought to have happened m the c. g an increase in 

linked dominant white coat color gc linkage with the 

the frequency of sex reversal to pumue the elimination of 

polled gene. If it were considered d ^ ncccssar\'. for example, by 
a deleterious gene, breeding tnals '™ jnne rarely by arlifi- 

crossing with known hctcrozygotcs, ho\ » 

cial insemination (Al) organizations. hrlnvc as single genes at 

To .he ex, cm iha. scclions of ch™— - ^njnr^y nf .mns- 

niciosis, ii is approprialc Robertsonian (i.c.. the fun'”’ 

locations reported in domestic animals 
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of two Icloccntric chromosomes). Despite the formation of unbalanced 
gametes there appears to be no clear cfTcct on male fertility in domestic 
animals (5). 

2. Breed Differences and Selection Studies 

Most of the evidence for the presence of genetic variation in the repro- 
ductive performance of domestic animals comes from breed comparisons, 
and current studies arc reported in the Proceedings of the Working Sym- 
posium on Breed Evaluation and Crossing Experiments with Farm Animals 
at Zeist {42). Information was also presented at the “World Congress on 
Genetics Applied to Livestock Production,” Madrid, 1974. Attempts have 
also been made to improve the reproductive performance of sheep and 
pigs by genetic selection, and the relationships between relatives have been 
analyzed in these species and in cattle. These comparisons, anal>'ses, and 
selection programs are discussed for cattle, sheep, and pigs. The subject 
of breed comparisons introduces the question of cross breeding and 
heterosis. Heterosis, defined as the deviation of the cross bred animal from 
the parental mean, is evidence of the presence of gene interactions. Usuallyt 
however, heterosis has to be such that the cross bred exceeds the betw*" 
parent before it is of practical value but when many components lead to 
overall profit, the cross may be superior to the better parent, even though 
each component is not. The reverse of heterosis, inbreeding depression, |S 
also relevant, for again this indicates the presence of nonadditive genetic 
variation. 

a. Cattle. Breed comparisons are complicated by the deficiency of 
studies where several breeds have been kept in the same environment, so 
that the breed differences reported by Ortavant and Thibault {50) coul 
be partly genetic and partly environmental in origin; some genetic variati^ 
may nevertheless be inferred. Cundiff {10) reports heterosis of 3 to t/o 
for conception rate, calves born per 100 cows, and the inter\'al between 
calving and the next estrus. Calving difficulties were discussed by severa 
authors at Zeist. 

Genetic studies of twinning within breeds have been reviewed {]. ’ 

55). Both the heritability and repeatability appear to be very low, possib > 
4 and 6%, respectively, indicating that the maximum rate of response to 
selection for twinning in a closed herd would be of the order of 0-1 
0.15% per year {35), which seems trivial. There are, however, few reports 
of selection for twinning following initial selection of extreme animals from 
the national herd, although this has (//) or is being tried by B. M- Bindon 
and L. R. Piper in Australia and by F. Menissier in France. 
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b SHEEP Reproductive performance is closely related to 
meritl the sheep! and this is reflected in the — - 

aspects of reproducPve performance 

pared with 2,7 for the Finnish ( 69 ) discuss the 

2.96, respectively (36). Land et al. (3 ) rpnorted in the 

difficulty of interpreting ''“"“^°"ob"„^vation of heterosis when 

literature, for caution must be paid to Vr,nmpnt and it was con- 

one of the parent breeds fails in a P”*'™ j^g'^nvironment to be used, 
eluded that heterosis must be measured -neeo- for example. 

Inbreeding depresses the reproductive per around 1 60 to 0 97 

the litter size (No. born/female mated) declined from 

as the coefficlnt of inbreeding of the dam ^ncreased f rom to 50 ^ 
(Wiener, G., personal communication). Additive and nonadd.tive gen 
variation affect litter size, ovulation rate, an age a m -gnetic control 

Bradford (6) records in his comprehensive review of ihe^genetic^^ 

of reproduction in sheep that genetic varia i exploit 

observed by sib analyses, and ‘hat attempts have been^made^t^^^ 
this by selection. Wallace (67) and Turner ( Bradford himself 

gross, of the order of 0,025 lambs per f ^ ^wever, that although 
reports early success in selection. He con . increased 

“the results obtained to date demonstrate th nmvide quantitative 

by selection, the experiments have not been designed m provide qu^n 
estimates of realized heritabiliiy, nor is it pr values for 

sponsc will be maintained over a '‘’"B®'' ° j, be of the order 

the heritability of litter size referred to indicate that it may 
of 0.1. 

e. PIGS. King (27), in hi* review of pap«s^pr«en^^^^ bmS and 

‘ the results confirm the generally benefi breeding females must 

showed that the large benefits derived .j, yjabilfty rather than 

have been due to an improvement of ry heterosis observed 

ovulation rate." In addition, the “different h=‘"“„g n.erage 

in different breed crosses illustrate the shor digercnccs to be 

amounts of heterosis in h'^d compari^ comparison of 28 crosses 

expected between breeds are illustrated b> pf j^.jne breeding 

among 8 breeds (20) and by Omtvcdt s ( ) crossing project 

in the United States. He concludes from embnos when purebred 

that 7% more corpora lutea were represented as embnos sU ^ P 

gilts were crossed rather than mated to boar 2lCr. respcc- 

Ihtcr size and litter weight at 42 days were raised by 18 nnd - 
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lively. The use of cross bred gilts raised these increases to 16, 29, and 
32%, respectively. [These references together with the comprehensive 
review by Sellier (57) scn'c as a base to the extensive literature on the 

pig-] . . 

Breed differences therefore illustrate the presence of genetic variation 
in litter size and its components, ovulation rate, and embr>'o survival. The 
effects of inbreeding on reproductive performance when the litter size of 
Large White gilts was reduced from 10.2 to 7.6 as inbreeding increased to 
40% (25) indicate the presence of nonadditive genetic variation. 

Within the Large White breed, the heritability and repeatability of the 
number bom have been reported to be 7 and 15%, respectively (60). Re- 
productive performance was not significantly genetically correlated with 
other performance traits, so that genetic selection for one would be ex- 
pected to leave the others unaffected (45). Selection within the same breed 
led to changes in litter size ivith a realized heritability of 0.25 ± 0.37 (48)- 
It has been suggested that the heritability of litter size could be under- 
estimated by dam-daughter regressions owing to the presence of a mater- 
nal effect where the Utter size of individuals bom in large litters is reduced 
environmentally and vice versa (53) and higher, but not significantly 
higher, heritabilities based on granddam-granddaughter than dam-daugh- 
ter regressions were reported. If this were the case one would also expect 
half sib heritability estimates to be greater than parent offspring ones, but 
the evidence for this in the literature is not conclusive. 


3. Genotype by Environment Interactions 

The sensitivity of reproduction to environmental stimuli such as day- 
length and nutrition is welWocumented in some species. When two geno- 
types react differently to a change in the environment there is said to be a 
genotype by environment (G X E) interaction. Possibly the best examp*'^ 
of this are the response of sheep to changes in nutrition, and effects 
tropical stress on the fertility of cattle. 

Doney and Gunn (13) report that the ovulation rale of Blackface she^ 
changes from 1.3 to 2.0 as (he body condition score changes from 3 to • 
A similar change in body condition, however, leas'es the ovulation rate 
the Finn X Blackface and South Country’ Cheviot sheep relatively con 
slant around 2.7 and 1.3, respectively. The ability of sheep such as t e 
Blackface to adapt to their environment may be very important. 

The change from a temperate to a tropical climate reduces the ferti » y 
of temperate breeds of cattle (57) and crosses with tropical breeds sn 
considerable heterosis (56) but this may arise from the failure of 
the parental breeds in a particular environment. Indeed, in view o 
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sensitivity of reproductive traits to intermediate between their 

surprising that crosses should ever be c V additivity and the equal 
parents, for this is dependent on bo g ^ types. The environment 
suitability of the environment for all g . • ^ ^ay be inherited 

has many components, the response to each o ^^^type are not 

additively, but it the effects of the environm spuriously measured 

,i„ i =..» "C- to 

as nonadditive genetic variation. Bre g P 

nonadditive variation should consider this. ■ gnd nutritional 

The response of sheep to changes m the ,8 and 21. A 

components of the environment are . breeds of sheep to the 

clear example of the various reactions o Tasmanian Merino, 

same environment is given by the recen jp the same 

Scottish Blackface, and Finnish Lan -riop Merinos showed estrus 

conditions in the Northern Hemisphere t ’ , (be Blackfaces 

first, around the beginning of Septem er, season, the Merinos 

and Finns in early October. At the o er February, whereas the 

and Blackfaces both finished , , April. The breeding season 

Finns continued to show heat until t ® ® nbout the winter solstice, the 
of the Blackfaces was therefore ,be pinn season backward. The 

Merino season was displaced forwar , responds to changes in 

genotype of the sheep not only „ponds The behavior of Finn 

daylength, but also the way m w '® jp ,be same environment, 

and Blackface rams has also similar pattern to that of the 

and the variation was found to o controlled in part by the 

females, indicating that scasona ^^bich reproductive traits 

C. improvement of "^'''’°°^'^'^'''^.’!j"J°"^^,vrcomponcnts, the 

Reproductive performance may be i _ eggs to develop 

number of eggs shed by the “ ,i,o^ have considered raising the 

to parturition as live for ovulation rate The extent 

prolificacy of domestic rate may be measured as 

to which litter sixe is limited by 'h® fro„, ,he point of view of 

the correlation between the saw earlier, for selection on 

genetic change, the ‘-,bcr the intensity of seleetion must be 

ovulation rate to be bcnencial, , „ berilabihty of 

greater, or /,.,rs must be 

osulation rate and litter sire, r p j-pide variation in osulation talc 

Several workers have aitcmpi 
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into that arising from gonadotropic stimulation and that arising from 
ovarian sensitivity. The techniques used, however, have been restricted to 
assessing the response of the ovaries to a scries of doses of exogenous 
gonadotropin, usually PMSG. A fundamental deficiency in this approach 
is that it is not possible to separate the response of the ovary at a given 
time from the effects of exposure to endogenous gonadotropins up to that 
time. The difficulty 5s illustrated by the observation that the number of 
oocytes in the ovaries of newborn lambs is negatively correlated with the 
subsequent probability of twinning (28, 62 ). This relationship was postu- 
lated to be associated with differences in gonadotropic stimulation, and js 
supported by the results of studies in laboratory animals (see Chapter 7). 
The response to PMSG cannot be considered to have a common starting 
point. Elucidation of this problem awaits more critical tests, for example, 
the transfer of early embryonic ovaries between strains. 


1. Ovulation Rate 

Genetic variation in ovulation rate is present in sheep, and Bradford ( 6 ) 
concludes from the results of cmbrj’o transfer studies, superovulalion, and 
the comparison of different breeds that this is the main limit to present 
day reproductive performance. 

The heritability of ovulation rate has not been estimated in sheep, nor has 
the genetic correlation with litter size. Hanrahan ( 16 ) bases his discussion 
of selection for ovulation rale on a repeatability estimate of 0.1. This, 
however, seems either to be an underestimate, or to be specific to the 
Galway sheep and he has since communicated higher values for other 
breed types. Further there are estimates of 0.9 in Merino sheep ( 3 ) 
of 0.3 in the lie de France (Thimonier, J., personal communication). 
Hanrahan nevertheless concludes that selection could be based on ovula- 
tion even within Galways largely because of the reduced generation interval. 

In pigs, the breed comparisons discussed earlier report the presence of 
genetic variation, and Zimmerman and Cunningham (72) report con- 
siderable success in selecting for ovulation rate in a crossbred populau'on, 
with a heritability of around 0.5, and a superiority of the selected hn® 
over the control of 2.5 corpora lutea after five generations- Legault and 
OUivier (39), however, quote 0.25 as the heritability of ovulation rate 
within a breed, and a genetic correlation of 0.25 between it and litter size, 
so that horx would be equal to 0.12, i.e., less than h,, if /iL = 0.07. The 
critical unknowns, therefore, are the possibility of raising /ij by the use 
of repeat measurements and the change in litter size achieved by Zimmer- 
man and Cunningham. 

There arc no estimates of genetic variation in ovulation rate within 
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and improvement 


.«,e o, 

r s sLXl™:. “ ”c jss :is: 

transfer of their embryos to other cows^ sun^ests caution, but multiple 
ovulations with only 1.9% twinning (25) c= than direct 

ovulations were diagnosed by rectal palpation rather than 

observation. _ heritabilitv of ovulation rate 

Where they are available, estimates o J ,^vofold would be 

are greater than those of litter size an ^electing on ovulation rate 

a conservative estimate. The main advant g short period 

is, however, that repeat Inemtion interval. Jacques 

of time, and hence without lengthening improvement of 

Thimonier may have a grater >mpac pioneered the use of 

reproductive performance than he realize 

laparoscopy in farm animals. „„„,a,ion rate depends upon the 

The use of repeated measures of o narticular, it depends 

genetic parameters of the population ’ ]j„gr size, for this is the 

upon the extent to which ovulation ra e At one extreme, 

basis of the genetic correlation between independent of the num- 

if the proportion of embryos carried to would be that in 

her of eggs shed, all the genetic vanation • between the two traits 
ovulation rate, and hence the genetic corre ^ j finite uterine 

would be one. Increases in ovulation rate with nn excess 

rmtjre'ginrthat%r^c"^^ womd gradually decline to 

utther than measure the genetic hT uLfui 

many workers have attempted to un^wer q jnle?” by trans- 

to improve litter size through improvcm I recipient females. 

ferring larger than normal numbers of embryos P 

2. Embryo Survival . „ 

rMt were the first to suggest that the 
In sheep, Lawson and Rowson to ) ^ similar indication was 

uterine capacity may difler kc indicative studies were based on 

observed by Bradford et al. (/)• cmbiAOs; ihe superiority of 

'be transfer of relative small shown more conclusively 

'he Finnish ewe over the Scottish survival rate was 2.5-fo!d 

by the transfer of fourteen UES" per c j _ unpublished) . At this 

E'eater in the former (Land B-. “ 0 ,^0 Finn and 

number of embryos, survival had ilcciineu 
Siackface ewes, respectively. 
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The declining proportion of eggs surviving as the ovulation rate in- 
creases, together with the initial low survival rate in cattle (estimated from 
nonreturn data to be 60% or less), indicates that the ovulaton of three 
to four or possibly more eggs if the decline is steeper in cattle than sheep 
would be required to ensure an average birth rate of two calves. 
probability of all of four ovulations occurring on the same ovary, assuming 
independence, would be 1 in 8 (2 X so that the possibility of lower 
fertility with unilateral pregnancies (54) may not be a real problem. 

Any proposal to improve the reproductive performance of domestic 
animals genetically should, therefore, consider the use of ovulation rate as 
a selection criterion. This is more likely to be useful in cattle and sheep 
than in pigs, where both the counting of corpora lutca by laparoscopy may 
be more difficult and where the genetic correlation between ovulation rate 
and litter size may be lower (7/). 

Where improvements in ovulation rale are desirable, the possibility of 
crossing as well as selection should be considered. The development of 
breeds with extreme ovulation rates may be beneficial; “commercial 
breeds” could be Improved with a minimum dilution of their other 
advantages. 

D. PHYSIOLOGICAL AIDS TO SELECTION 
1. Quantitative Physiology 

Given that it may be desirable to improve the ovulation rate of domestic 
animals, there are many practical disadvantages. For example, it does not 
lend itself to “on farm” evaluation. Several studies have therefore been 
made of endocrinological variation associated with differences in ovulation 
rate (32. 33). The significant observations were that Romanov ewes with 
an ovulation rate of about three had a longer interval between the onset o 
estrus and the release of LH although no differences were observed in the 
concentration of LH during the rest of the estrous cycle, and that the con- 
centration of LH in the plasma of lambs of both sexes was higher m 
breeds and crosses with high ovulation rates than in those with low 
lion rates. The differences in LH concentration cover a relatively limite 
period (4) and the correlation between successive ages (Fig. 3) was only 
0.2 (Blanc e/ oh, personal communication). The lie de France and 
Prealpes lambs may go through a similar peak in LH concentration to that 
of the Romanovs, but at a later age. The lamb results support the sug- 
gestion that genetic differenoes in reproductive activity are expressed m 
both sexes, and hence that it may be possible to make direct estimates on 
males of the reproductive activity of their potential daughters (30)- 
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. .•«« nf LH m the plasma of ram lambs of differing 

Fio 3 The mean con«ntr=t.on of Romanov (m = 20), dashed Ime 

prolificacy from 1 to 11 necks of ag „ • - 40) (From Blanc cl at. 

He de France (« - 92): dotted line Prealpes 
personal communication ) 


t ivncc with hich and low ovulation rates has 

The comparison of brc'd W ‘ observation has been that 

been pursued and Jijh reproductive 

the growth rate of the ‘“t“ obscnxd in a 

performance of ‘ i^mbs {31) and subsequently con- 

eomparison of Finn and Mer no ^"tjam^bs 

firmed with other breeds (9. )• , be reduced hypothalamic 

reproductive ty of ^ 

:M::rih^S fi- lo observe difierenees m LH concentration 

with the physiology ” | . , assay in plasma was dcsclopcd first 

LH was both rel.ationship with female rcprodtic- 

s ™. * i. « -- 
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TABLE I 

The Concenhallon of FSH (ng/ml) In Ihe Plasma 
of 30-Day>Old Mate and Female Merino Lambs of 
Strains Selected for Twinning* 


Strain 

Mate 

Female 

Control (C) 

17.8 

42.0 

Low twinning (O) 

20.0 

25.1 

High twinning (T) 

J7.2 

92.5 

High twinning (B) 

21 .2 

124,7 


* From Bindon and Allison (personal communication). 


to the end product of reproductive activity. Indeed, some of the early re- 
sults of Bindon and Allison (personal communication) from their study 
of strains of Merino selected for and against twinning show that the con- 
centration of FSH in the ewe lamb may be related to the frequency of 
twinning of the strain (Table I). However, the differences were not found 
in males of the ages studied. 

It is therefore possible to conclude that in the sheep reproductive ac- 
tivity is a trait common to both sexes, and it is only the nature of this ac- 
tivity that is sex limited. This brings us back to earlier sections of the 
chapter; the gonadal hypoplasia syndrome was expressed in both sexes, 
and the conclusion of the discussion of sex determination was that although 
sexual differentiation may be triggered by the Y chromosome, the ex- 
pression of sex is controlled by the autosomes or the X chromosome. 

These studies illustrate the presence of a quantitative relationship be- 
tween the hormones of the physiological pathways underlying reproductive 
performance and the level of performance obtained. Although it is still in 
its infancy, the quantitative physiological comparison of genetic differ- 
ences is helping to reveal which of the physiological steps leading to the 
production of young are the critical ones and to indicate where the quanti- 
tative control may lie. The observation that genetic variation in litter size 
may be associated with steroidal feedback on the hypothalamus (34), for 
example, indicates that it may be possible to raise litter size by modifying 
this feedback. This would have the advantage that normal buffering systems 
would still operate, thus avoiding the large increase in variation which 
follows the direct stimulation of the ovaries with exogenous gonado- 
tropins. The use of normal variation of quantitative genetic origin may well 
add to the classic physiological techniques of ablation, supplementation, 
and immunization to induce variation artificially. This approach therefore 
helps the physiologist to understand which traits are important, and to 
consider where physiological Intervention may be most appropriate. In the 
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next section we shall see how it might help the geneticist to improve his 
selection criteria. 


2. Selection Criteria , . . j 

The concentration ot LH in the is"™^t^a°r?able in the 

as an indicator o£ potential breeding va , response to releas- 

lamb. This drawback might be (Bindon, B. M., 

ing hormones, but early studies in se ec sheep (Carr et al. personal 

personal communication) and Britis pr strain differences 

communication) gave conflicting resu • ^ jf {],£ relationship 

prove to be associated with female p""“h at a set time after the 
holds within populations. 

injection of releasing ^ with female performance may 

Alternatively, the association o selection. This has been tried in 

provide the key to aj.y s.mpl f the heritability of testis size was 
mice (22) and sheep (33). m ’ , ,j 5 growth during a de- 

found to be around 0.5. Selection ^ jn the onset of the 

creasing (i.e., ^plicated selection among mice has 

breeding season of their X,ion rate of the females— solely 

led to correlated ^^^ponses m the independent of 

through selection on the '^=‘8*’* ° between the two traits was around 
body weight. The genetic correlation between me 

The incorporation of such a male 3‘^5|°assL1^ that 

female performance would give „„ „,imate of 0.1 for 

ovulation rate limits litter size. In P I/2/io 0 15, so the rc- 

the heritability of litter size, ho , ,l,eir own performance 

spouse in litter size to as wh"n sdecln was based on their 

would be around twice as grc. required to determine the most 

mothers’ performance. Further wo , ^ between maximizing 

suitable male criteria, which wil > j „ (be trait (even keep- 

rj, and minimizing the effort and cost of n ensuring 

ing males uncastrated, for example, limited to their associa- 
The potential use of male but the observation of breed 

tion with “female puberty and i - rams indieates that 

differences in seasonal variation in fcriilitv (21). The male 

it may be related to ovarian activity rather than litter 

d.r^1n me^-t se.ee.ion ^^nd ^^e 

reduce the genelie correlation between them and h.ar 
reduce their effectiveness. 
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3. Artificial Changes In Reproductive Performance 

\Vc have already seen that the reproductive performance of males is 
usually so great that it does not limit selection within a population. The 
use of artificial insemination however, enables superior genetic material to 
be disseminated more rapidly, and also facilitates progeny testing of males 
on a large scale. Most national dairy improvement schemes arc based on 
the contemporary comparison of the daughters of different bulls within 
the same herds, a scheme which would be unacceptable without AI. 

As has been shown earlier, the situation is quite different in females, 
where, especially in sheep and cattle, selection is limited by the large 
proportion needed as replacements. The possibility of increasing selection 
among females through the use of superovulation and embryo transfer 
to increase their rate of reproduction has therefore been studied. 
The main point to recognize, however, is that the best that can be achieved 
by increasing the rate of female reproduction is to raise i/L in females to 
that which is already at an optimum for males. No matter how great the 
increase in female reproductive performance, it can no more than double 
the rate of response to selection. Detailed studies (S5) show that the rate 
of response to selection for body weight is increased by around 60% by 
increasing calf yields to four to ten per female (Fig. 4). The insensitivity of 
the increase to changes in calf yield can also be seen. 

The progeny testing of dairy bulls through AI tempts one to suggest 
that dairy cows with good records could be progeny tested by embrj’O 
transfer, but the genetic advantages arc marginal, and the effort would 
not appear to be worthwhile (19). Again, in contrast to the benefits of 
AI, the use of embryo transfer to disseminate genetic merit is likely to be 
limited at present, partly because of inadequate sources of embryos. 

Selection Markers. A final comment on indirect selection must be 
given to the technique of randomly choosing easily measurable variables 
such as blood groups and looking for possible correlations with reproduc- 
tive characteristics. Although there are some examples of the successfu 
application of this technique, it is illogical and may be compared with 
techniques of, for example, using horn shape or coat color to select suitable 
animals. 

E. PRACTICAL IMPROVEMENT SCHEMES 

There is genetic variation in reproductive performance; should it be 
exploited in genetic improvement schemes? 

In cattle, the slow rates of response indicate that selection for fertility 
at the expense of selection for milk yield in dairy breeds may lead to the 
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formation of a population which ™™^'^'°(.°d,'^cvcn though there 

had concentrated on the between milk jicld and fertility. In 

may be a small positive corrclati nroportion of the costs of 

contrast, dam overheads contribute ^^ould be advantageous, 

lamb production, tl>»' to be taken into eon- 
These points summarize tlic ^„^„rporating selection for repro- 

sidcralion when assessing ihc men ^ . schemes: tlic economic 

duetbe performance into ,1,5 genetic correlations 

responses to selection for the vanoii ‘ ‘ j. ^^i^-ciion is to use a 

between the traits. Tlie best way .0 combine. rmK^ 

selection index, although under . 



600 R. B. LAND 


pendent culling levels may be as good (64), but the details are outside 
the scope of this chapter, and the balance between selection for repro- 
ductive and productive traits can be seen from the profit contour tech- 
nique (44). In the pig, for example, selection for litter size, for food 
conversion efficiency, or for a combination of the two is considered in 
terms of the amount of selection (/) required to give the same change in 
profit. As one of the two components of profit improves, the selection 
required per unit of further improvement increases, so that the optimum 
balance moves in favor of the other. The costs of achieving a particular 
intensity of selection were not included, and this could aflfect the balance 
in two ways. On the one hand, as reproduction is sex limited the popula- 
tion required for a given selection intensity for number bom would be 
larger than that for food conversion ratio. On the other band, the measure- 
ment of food conversion efficiency is expensive, whereas that of reproduc- 
tion is inexpensive, so that for any given litter size the merits of selection 
for litter size increase as the cost of recording food conversion increases 
(59). The balance can be further modified with the development of 
specialized sire and dam lines. 

The optimum procedure therefore changes even assuming that the 
genetic characteristics of the population remain constant, and constancy 
of genetic characteristics is the basic assumption in all the genetic cal- 
culations discussed earlier. As selection proceeds, however, the gene fre- 
quencies change, the additive genetic variance for the trait in question 
declines, and the response per unit of selection declines, leading eventually 
to plateaued populations. Superimposed upon the economic considera- 
tions, is the genetic consideration that as the limit to selection is reached, 
the relative genetic effort required to achieve a particular change also 
increases. The qualifications to the use of the predictive response equations 
are very real. 

To return to the original comment that at present it is better to select 
for milk yield than twinning in dairy cows, this situation would change if 
the relative economic weightings of milk versus beef were to change, or if» 
as selection for milk yield progresses, the heritafaility of twinning were lo 
increase relative to that of milk jield. The current disagreement over the 
optimum size of beef cattle however indicates that in the absence of a 
clear size objective, selection could be applied usefully to twinning in beef 
cattle. In pigs the present commercial breeding systems may be sum- 
marized as the use of crossing lo exploit hybrid vigor in the litter size of 
dams, and selection lo increase the growth rate of sire lines. The pig io' 
dustry could however reach the stage of development when the response 
to selection for growth trails declines so that selection for reproduction 
may become profitable. Commercial within breed selection of sheep i* 
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• iisinc the additive variation in 

not yet established, but crossing s ’ pnvironment interactions are 

litter size, and the exploitation of genotype X environment 

normal practice. 


V. Synthesis 

Genetics is both a part «£ -produ^^^^^ 
production. The genetic contro P however, a lower proportion 

doubt. In comparison to „ ’oulations is genetic in origin, 

of variation in reproductive f^aits wi remembered how- 

leading to lower heritabihtes ^ grily under less genetic control, 

ever that reproductive traits populations indicates that 

On the contrary, the restricted reproductive 

the genetic control is stricter, an ' determination. Natural selection 

traits as having a higher degree o g which influence traits im- 

may have reduced the f " s ^controlling traits which are less 

portant in evolution, but not « S j, also to be remembered 

closely related to the fitness of ., j^^an a slow response to genetic 

that a low heritability does ^ important, and many reproductive 

selection; the variance of a tiait i 

traits have high variances. is not a collection of unre- 

Within anhnals, ^=P™t‘=‘'''mrexned in several ways. As the earlier 
lated traits but a central charac puberty, sperm 

sections of this book ; common physiological elements. The 

production, and '“ter size all ■ controlled by autosomal genes 

genetic studies show that thes limited, though the traits may 

and hence the genetic variation i different traits 

be; and further that ‘1““"''*“ between the traits Reproduction thcrc- 
leads to an observed ^ products of gene action can be 

fore illustrates a situation between dillcrcnt traits, and where the 

measured as a genetic norre a i -clion of the genes arc also under- 
physiological pathways correlated physiologically or genetically, 

stood. To argue , ically or physiologically is therefore fruit- 

or whether they are ^ ^ 

less — it is a question of the le nerformance is subject to genetic 

The realization that ,,„j,;'^of physiology. In addition to the 

variation adds to the or supplementation, nomial varia- 

creation of artifleial systems > . j Qn the one hand, physiology 

lion can be induced by other, genetic variation may aid 

may elucidate genetic variation, on the oiner. g 

ph>siologicat studies. 
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The improvement of the reproductive performance of domestic animals 
may be helped by the realization that many components of reproductive 
performance originate from the same genes, and that the expression of 
these genes can be measured in both sexes. The advantages to be gained 
by overcoming the present sex-hmited measurement of reproductive per- 
formance could have an impact on generation intervals, selection inten- 
sities, rates of response to selection^ and hence the emphasis given to re- 
productive performance in future improvement schemes. The study of 
genetic variation in reproductive performance has led not only to progress 
in the understanding of physiological pathways but also to the real possi- 
bility of using this knowledge to improve the agricultural merit of our 
domestic animals. 
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1. Introduction 

, of the maior infectious diseases 

This chapter presents a brief accou abnormalities of progeny 

which affect fertility, induce abortion, gaonomic and public 

born at term These infections_are o forthc comme7cianirve- 

healih reasons They may create chronic and affect herd 

'stocT, proiTuccr sinee several of jhc^mfccUonTmay strike un- 

hcalth over a period of many years ° , productivity, thus crcaling an 

expectedly to cause extensive , production Research worken 

added dimension of uncertainly m _n,nnls need to be aware of ditsc 
in the field of reproduction in donicsti > rds to human health 

mfeel.ons which may alTcet their data k\hen 
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TABLE I 

Bacterial, Viral, and Protozoan Infections Affecting Reproduction 


Disease 

Species 

ElioIo£y 

Reproductive effect 

Control 

Bacterial infections 

Brucellosis 

Cattle 

Brucella abortus 

Late abortion, 

Immunization, 

V 

Sheepr 

Brucella mehtensis 

sterility in 
bulls 

Abortion 

test and 
slaughter 
Immunization, 


y-' goats 

Swine 

Brucella siits 

Abortion, weak 

test and 
slaughter 

Test and slaughter 

Dogs 

Brucella cams 

pigs 

Abortion 

Sanitation 

Vibriosis 

Cattle 

Campy lobacter 

Infertility, early 

Immunization. 


Sheep 

fetus, subspecies 
fetus 

Campylobacter 

abortion 

Abortion In 

artificial 

insemination. 

chemotherapy 

Immunization 

Leptospirosis 

Cattle 

fetus, subspecies 
intestinalts 
Leptospira pomona 

Iasi trimester 

Abortion in 

Immunization. 


Swine 

Leptospira pomona 

last trimester 
Late abortion. 

sanitation 

Immunization. 


Horses 

Leptospira pomona 

weak pigs 

Late abortion 

chemotherapy 

Immunization, 

Listeriosis 

Cattle. 

Listena mono- 

Abortion m 

chemotherapy 

Chemotherapy. 


sheep 

cytogenes 

latter half of 

sanitation 

Epididymitis in 

Sheep 

Brucella ovis 

gestation 
Infertility in 

Immunization, 

rams 

Viraf^^ectiotw^ 
Equine virus 

Horses 

Equine herpeS' 

rams, late 
abortion 

Abortion in last 

isolation 

Immunization, 

abortion 


vims 1 

trimester 

(controlled 

Equine viral 

Horses 

Equine arteritis 

Abortion in 

infection) 

Immunization 

arteritis 


virus 

latter half of 

(expen mental) 

Infectious bovine 

Cattle 

IBR-IPV virus 

gestation 
Abortion in 

Immunization, 

rhinotracheitis 
or pustular 
vulvovaginitis 



latter half of 
gestation, 
temporary in- 
fertility in 

Cows and 
bulls, fetal 
infection 

cessation of 
breeding 
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influencing reproduction uw 


TiBIF 1 Inontinued) 

Disease 

Species 

Etiology Reproductive elTect 

Bovine viral 

Cattle 

BVD MD virus 

Abortion in 
first trimester, 

diarrhea 



fetal, de 
formities 

Epizootic bovine 

Cattle 

Virus’ 

Abortion in last 
trimester 

abortion 
Enzootic Abor- 

Sheep 

C/i/amydia psillaci 

Late abortion 

tion of ewes 
Bluetongue 

Sheep 

Modified live virus 

vaccine 

Fetal de 

formities 

Hog cholera 

Swine 

Modified live virus 
vaccine 

Fetal de 
formities 

^l^^^tozoan infeclmnT^ 
Trichomoniasis Cattle 

Tnctiomonas foetus 

Abortion m first 
trimester, 




sterility in 
cows 

Toxoplasmosis 

Cattle 

sheep, 

To\oplasnta gondn 

Abortions, still 
births pre- 
mature births 


swine, 


fetal abnor 


dogs 


malities 


cats 


Control 


ImmunizalJon 


None 

Immunization 

Avoid immuniza 
tion of pregnant 
ewes 

Avoid immuniza 
tion of pregnant 

sows 


Eliminate infected 
semen, rest 
from breeding 
therapy for bulls 
Prevent ingestion 
of oocysts from 
cat feces pre- 
vent ingestion 
of infected 
meat, chemo- 
therapy 


U nf the infections, additional procedures for 

exist, as IS the case wtth some of asnccts of these disease prob 

animal disease control are required Some aspects 

lems arc summarized in Table I 


II. Bacterial Infections 
A BRUCELLOSIS 

1. The Disease ^ %arict> of mani- 

Brucellosis is a worldwide disease csolsed a battcry 

mahan species, including man ^,.,100 of the three principal 

of dillcrcntial charactenstics for „„i„n each species (-’0) 

species of the genus, in addition o ■ n-.juu since the org.anisms arc 
Identirication of the l!mcclla species antigens, and base man) 

similar in physical appearance, sli. 
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physiological characteristics in common. The most practical aspect of 
spcciation within the genus relates to host specificity, wherein the common 
reservoir hosts arc as follows: Bnicella abortus, cattle; B. suis, swine; 
B. melitensis, sheep and goats. All three of these species may produce 
brucellosis in man. 

The organism may enter the body, through a variety of routes but in- 
gestion is probably the Tnost common mode of entry. Venereal transmis- 
sion from bulls with lesions in the epididymis and testicle may also occur. 
This aspect of transmission has relevance to artificial. insemination. Milk 
from infected cows commonly contains the organjsm, which may be viable 
in freshjnilk, butt^ and cheese.'^ ~ 

^Brucellosis In a susc^ptihTe herd of animals is associated with abortion 
fol lowing a primary attack by the a gent. This may affect a very high per- 
centage of t he pr eg nant anim als. A small percentage of abortions occur m 
subsequent years, but a new storm of abortions may follow additions to 
the herd of susceptible adult cattle or animals in their first pregnancy. 
Clinical signs of brucellosis are abortion in the latter half of pregnancy, 
fr equent retention of fetal membr anes, andjterility thannay]raiowJe^e 
'metritis in females and orchitis in males. 

The organism commdfily persists in the udder and lymph nodes of the 
mammary gland. In many cases the infection continues over several lacta- 
tions or even for the life of the animal. During pregnancy, the organisms 
replicate in great numbers in the gravid uterus. Widespread necrosis and 
exudation occur in the uterine caruncles and the placenta. The chorio- 
allantoic membrane is extensively involved with the organisms muItiplyit’S 
intracellularly. An explanation for this predilection to the site of fetal at- 
tachment has been presented with the demonstration that erythritol, a poly- 
alcohol, stimulates the growth of brucelfae. This growth factor may be 
found in high yield in the placentas of species prone to experience abortion 
from Brucella infections (70). 

Young animals are generally more resistant to infection than sexually 
mature adults. Thus, a calf born from an infected dam may have Brucello 
organisms in its tissues at the time of birth and may ingest many organisms 
when nursing, but these do not produce a clinical process in the young 
animal and, within a month or two, the agent is usually eliminated from 
the tissues. 

2. Diagnosis and Control 

Programs exist in many countries for the control and eventual eradica- 
tion of brucellosis in cattle, goats, sheep, and swine. Clinical signs are of 
limited value in diagnosing brucellosis because of the chronic and insidious 
nature of the disease. Isolation of the organism offers an undisputed basis 
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for diagnosis, and attompted isolation is an 

nosis in man and in certain naturally occurring not 

ever, isolation is a costly and time-consummg procedure which 

ap^ed in routine disease contr^. immunological responses 

The principal means of diagnosis is d f Uvnpr<;ensitivitv of the 
of the infected individual. Infected su 

delayed type and synthesis of humora ‘ detecting complement- 

by a variety of methods. There P/°“s and LnSglutLtinJ or so- 
fixing antibodies, .agglutinating antibodies, an Bb 

called “incomplete antibodies.” a»tectine antibody response 

The^^glutinatio^^ „,ed is" the rapid 

from stoJation hxJHiceia^^^ concentrated suspension of stained 
plate agglutination p,ate with differing volumes of 

Brucella organisms is mixed on S minutes when antibodies 

serum or whey. Agglutination with the more classic 

are present. The procedure is adj necessary to define agglutina- 

tube test. For practical reasons, t h „,e animal subject 

tion at a certain titer as indicativ ,^at the minimum diagnostic 

to removal from the \\'®.'’®';,UWml for nonvaccinated animals and 
level be 100 International Units I ; International 

200 lU/ml for vaccinated animal^ from 

Standard for Anli-Briicella abor . .^1 standards, Ministry of Agri- 

the International Laboratory f .^feterinary Laboratory, Weybridge, 

culture, Fisheries and Food, c difficult to interpret tests from animals 
Surrey, England. It is body duids. Supplementary tests may 

with low titers of antibodies in aimals in the “suspect” classification, 
then be used to clarify the status o Rivanol or 2-mercaptocthanol 

The principle involved in proce “ ^jass of antibodies, while 

interact with the serum other immunoglobulin classes (30, 

allowing detection of , _„u (he antiglobulin lest (Coombs’ 

49). The complement fixationjs.^^^^^^^^^^ 

test) may be used to detect control of bovine brucellosis is the milk 
An important adjunct to me procedure, .an 

ring test (MRT) for [pmf been contributed from several ani- 

aTiquot of whole minfT'™*^ pnsion of inactivated B. abortus organisms 
mats, is mixed with a susp presence of antibodies, the agglutinated 
stained with hematoxy'm- " ja,p ,i,a cream layer. The pro- 
masses of bacteria tend to u ,i„ce it obviates the necessity 

cedure has great y.ahie ^ . ,„mples or even individual milk samples 

for collecting i,as depended upon the dcleeiion of infected 

The control of 1’^““ . introduction into siisccpiihic herds, immumra- 
individuals to present me 
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tion to raise the general level of resistance of replacement animals on in- 
fected premises, and last, the test and slaughter of infected individuals when 
the level of infection has been reduced to a point that this becomes 
economically feasible. Brucellosis is worldwide, and the current stages of 
the control programs vary in different regions. Control of bovine brucel- 
losis in the United States is now at an advanced stage, with eradication of 
the disease in many stales and a phasing out of immunization programs 
followed by extensive use of the lest and slaughter procedure. 

Immunization h as proved to be an indispensable facet of brucellosis 
control in heavily infected areas. Strain 19 of Brucella abortus continues 
to be the most advantageous agent for immunizing against bovine brucel- 
losis. The organisms are alive and produce a mild form of brucellosis, 
which can render the vaccine dangerous to man and animals unless used 
properly. It is highly agglutinogenic in adult animals. This characteristic 
has caused extensive problems in the control programs where efforts are 
made to separate antibody response to the vaccine from that caused by 
natural infection. Calfhood vaccination has been the best approach to this 
problem since the agglutinin response of the young bovine is ordinarily a 
temporary one and diminishes sufficiently to avoid confusion with titers from 
field infections. Immunization of heifer calves from 3 to 8 months of age 
is the common practice. Abortions can occur if pregnant animals are vac- 
cinated. An inactivated vaccine known as 45/20 adjuvant vaccine is re- 
ported to have value in raising the resistance of animals where “pools of 
infection” appear in otherwise disease-free areas. While the vaccine »s 
not as immunogenic as strain \9 B. abortus, it does have the advantages 
of being nonviable and nearly nonagglutinogenic (/6). 

Reliable means for the immunization of swine have not yet been de- 
veloped. Goats and sheep may be immunized against B. nieliiensis infec- 
tion with the Rev I vaccine which is a living avirulent strain of B. melUen- 
sis. A formalin-killed preparation identified as H38 adjuvant vaccine is 
also recommended under some circumstances. 

In recent years, another form of brucellosis has come to the attention 
of investigators. A new species identified as Brucella canis causes a form 
of brucellosis characterized by abortion and persistent bacteremia in dogs- 
The Beagle breed is particularly susceptible (.13). 

B. VIBRIOSIS 
1. The Disease 

The diseases referred to as vibriosis of cattle and sheep arc well-cstal^ 
lished in the literature under that name and will be referred to as sue 
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here. However, the etiological agent 

the genus Campylobacter rather than Hifcr/o (1 ). P transmitted 
subspecies Utus causes abortion and infertility m caUle 
venereally and does not multiply in the gastromtestmal trace Cnn^/o 
bacter letus, subspecies bues, malls causes aborUon " ^ 

sporadically induce abortion in cattle and man. e E j 

orally and can be isolated from the gastrointestinal 
ders of ewes and cows. The subspecies 
difterentiated bacteriologically by some subtle me e 
logically by their differing surface antigens. the most im- 

Vibrbsis has been considered by eamr im- 

ortant microorganism causing infertility m ca e. United use of 

ortance in bee! cattle than dairy cattle because <1 
atural breeding in the management of dairy herfs. . conceive 

eminated through the herd by venereal means, E j fgj.tnity since 

‘ larly embryo death. Both events leave the earfy 

y a tew of the aborted fetuses niay be oun . 2 to 5 months, the 

ges of development may experience a period of in- 

2 cted females recover from the infection P , t]iem sus- 

ased resistance which eventually wanes an E microorga- 

itible to reinfection. While most of the cow • .paginal infection 

m, a smaller percentage -P--“. P;/"^ ^l^^rmiT thi ^ 
lich renders them asymptomatic carriers t y oraanism may 

coitus 04,. Bulls show no clinical even though Jh^organism^ 

■ permanent resident of the male gemta E „firpnta are similar 
most common in midgestation, and lesions o ® P widely 

hose occurring in brucellosis. The invading bacterium ^ 

iminated in tL fetus. Frequently, the organisms can be obtained 

1 culture from fetal stomach contents. nicked up by the 

a ovine vibriosis it is assumed that the orga discharges of 

ieptible host from feed and water contamina bladders 

rting animals. Since foci of infection P"f ‘ ^^tin.nin the 

some ewes, shedding of the organism f dramatic event. It usually 
iction in the band. Vibriosis of sheep can lambing with abor- 

mrs about 4 to 6 weeks prior .0 ‘-c of nmm« 

; reaching 70% in ®°"’V"^‘“"“n„fcotvledons. In contrast to the calf, 
fi lesions of necrosis m the maternal co y henatic necrosis. 

fetal lamb frequently develops marked lesion ,.3, ,iic event on 

'=s that have once aborted from vbnos.s do not repeat .1 
sequent breedings. Infertility is not considered an imporia 
1‘iosls in sheep. 
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2. Diagnosis and Control 

When the herd history suggests vibriosis, the chief means of diagnosis 
are bacteriological recovery of the organism and immunological tests. Re- 
covery of the organism is frequently difficult because Campylobacter fetus 
grows slowly and many of the tissues submitted for examination are grossly 
contaminated with bacteria that rapidly overgrow the cultures. Fetal 
stomach fluid, semen from the male, and fluids from the female genital 
tract are most frequently cultured. The fluorescent antibody technique to 
visualize the organism in preputial samples may be useful. 

It is necessary to differentiate Campylobacter fetus from organisms of 
no pathogenic significance since there are many spiral-shaped organisms 
free in nature that resemble this agent. Not infrequently, the bacteriologist 
encounters Campylobacter biibuhis from the genitalia of cattle, which is 
not considered to be pathogenic. Recent studies indicate the importance of 
separating the two subspecies of Campylobacter fetus (8, p. 125). 

The infectious process appears to be localized within the bovine genital 
tract, and antibodies accumulate in that site. Tests for antibodies in vaginal 
mucus have been recognized as the best method for determining infection 
by the presence of antibodies. Greater sensitivity of the procedure is ap- 
parently obtained by adsorbing soluble antigens of the organism on 
erythrocytes or latex particles, which results in the agglutination of the 
particles rather than the more conventional agglutination of bacterial cells 
(46). It is advised that vaginal mucus samples be collected during diestrus 
and that agglutination tests be performed on a number of animals to 
establish a herd diagnosis. 

The male can transmit the infection either by natural service or in 
semen used for artificial insemination. Successful treatment of bulls by the 
use of topical antibiotics has been reported, but difficulties in isolating the 
organism from the male genital tract always leave doubt regarding the 
success of the therapy, A valuable routine preventive is the addition of 
antibiotics to semen samples prior to their use for artificial insemination 
(42). Systemic administration of antibiotics to bulls may also be of value. 

In most cases the infection is self-limiting in female cattle and sheep. If 
infected cows are given several months of sexual rest, it may be assumed 
that the resistance mechanism of the host will eliminate the bacterium- 
The tissue sterilization may be enhanced by antibiotic therapy of females 
with tetracyclines. The infection may be eliminated from the herd by 
using artificial insemination with noninfected semen for a 2-year period. 

Killed vaccines are now recommended for the prevention of vibriosis. 
The appropriate subspecies of Campylobacter should be used to make the 
immunizing preparation, depending upon the need to protect cattle or 
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Sheep. The bovine vaecine should be used 2 f ' ■= 

seasL whUe the ovine vaceine may be given prior >° ° 

gestation. Recent studies suggest that the v“ 

persistent venereal vibriosis in cows (63). g .__iain irreeularities 
leer fetus in vivo has been d-erjbed wtornay^ 
encountered in serological tests and v 
with this bacterium (74). 


C. LEPTOSPIROSIS 
1 Tho rjicoucp 

a significant problem in swine and horses, n , 

an acute phase during "'‘’'ch jm.mal^of . ,nd 

demonstrate high fevers (105 -lu/ ri wi JJ .„jj lysis of 

anorexia. This stage of the infection “SO hemoglobinuria, 

erythrocytes resulting in the '*[. . ,he disease, with up 

edema, and anoxia. Mortalities occur at th g consider- 

to 33% calf losses in some coses^Mortahty amon^duj. 

ably less but lactating cows may have a sud important 

i. ,i« cn..i=c™ p*™' t, 

sequel to acute leptospirosis is seen 7 y 

occurs at a time when antibody response g jj,) Abortions 

cidence varies from a few abortions up to » ■ jj„y gge 

most often occur in the last one-third of pregnan y n,aternal blood 

may be infected. The leptospires cross the placen 
to fetal villi beneath the chorionic epithelium. Th p ^^g^^ ^7 ^ 
tated in advanced gestation when hemorr age fnllowed by fetal in- 
placentome (65). Multiplication of the bactenu . progresses 

vasion and death. Autolysis 

rapidly. Autolytic changes ^ abortion does occur the 

longs the placental attachment and, . parting the fetus seems to 
dead fetus is extensively autolyzed. ^e t ^^nibrancs arc usually 

have little ill effect on the dam, and the i 
expelled naturally. 


spelled naturally. . in aborted pigs and in 

In the case of swine, the leptospires can Clinical disease 

infected "i"- at birth and die in a tew u.iy 


UllU III ‘I*' * - 

case oi swmc, uiw Clinical disease 

infected pigs that are weak at birth an bserved in swine than in cat- 
end the act of abortion are less marcs from the seventh 

tie. Leptospirosis occasionally causes abo 
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month of gestation and later. It should be kept in mind from the standpoint 
of human health that urine from infected cattle, swine, and horses is a 
potential hazard. 

2. Diagnosis and Control 

The leptospires are delicate, spiral-shaped organisms which are sensitive 
to factors such as desiccation, heal, and cold. Consequently, they perish 
rapidly after excretion from the infected host. A chronic carrier state be- 
comes established in many animals wherein the organism usually resides 
in the kidneys: This permits exit of the parasite from the host in voided 
urine. Swine are thought to be the most important domestic animal species 
in the epizootiological chain, although cattle also have been observed to 
shed the organism for as long as 3 months following an acute attack. 

Sanitation is an important means of control. Swine should not be per- 
mitted to mingle with cattle and efforts should be made to avoid surface 
water, ponds, and slow moving streams if there is reason to suspect that 
they could be contaminated with recently voided leptospires from livestock 
or feral animals. 

Serological tests in affected herds will demonstrate a percentage of ani- 
mals reacting positively. There may be justification for some reservation 
about the diagnosis based on serological evidence if a clinical episode re- 
sembling the acute phase has not been a part of the disease pattern. There 
is value in taking a repeat reading a few weeks following the initial blood 
lest to determine whether animals that were formerly negative are develop- 
ing titers and whether the titers are rising in animals previously positive. 
Serodiagnosis is performed by several modifications of the agglutination 
phenomenon or by complement fixation. The lest most commonly used is 
called the “agglutination-lysis test.” 

Dark field microscopy is also of value for obtaining prompt, presump- 
tive diagnoses. It requires good timing lo sample the animal when the or- 
ganisms are in either the blood or the urine. Experience is required to 
differentiate the organism from artifacts. 

The diagnostician is most satisfied if the organism can be recovered 
from the infected animal. This is an involved procedure in leptospirosis 
since it requires that samples be taken at the appropriate stage in the dis- 
ease process and transferred promptly to media or indicator animals, be- 
cause the organisms die rapidly outside the host. 

Immunization of cattle, swine, and horses with a vaccine prepared from 
inactivated L. pomona is now widely practiced. Killed bacterial vaccines 
(baetcrins) prepared from some additional Leptospira serotypes are also 
available. Unfortunately, the period of increased resistance from the use of 
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disclose the organism. When tissues arc held in the refrigerator for a 
period of several weeks, the bacterium can often be recovered. This 
reculture phenomenon is related in part to an unusual ability to multiply 
at 4°C (24,5/). 

Scrodingnosis has been difficult to apply because nearly all normal 
adult ruminants have scrum antibodies reactive with Listeria antigens. 
These have been shown to be IgM antibodies (19 S or high molecular 
weight antibodies). Following antigenic stimulation with L. monocyto- 
genes, 7gG antibodies (7 S antibodies) arc also synthesized. Tests for this 
latter, more significant, population of antibodies can be performed by 
adding reducing substances to the scrum, which depolymerize the IgM 
antibody. This finding now makes it possible to use serology diagnostically 
and for epidemiological investigations (52). 

Acquired resistance following vaccination has been shown experi- 
mentally, but reliable vaccines arc not yet available for routine use. As in 
brucellosis, the mechanisms of immunity are complex, involving cellular 
immunity, which is obtained only by immunization with live organisms 
(55), A reliable live attenuated strain is needed for vaccine preparation. 
The tetracycline group of antibiotics is indicated for therapy when the 
dam is clinically affected from abortion, and in the diseased newborn. 

The public health aspect of this disease makes it necessary to disinfect 
everything contaminated by infected animals. Human cases may follow 
the handling of aborted animals. The isolation of the organism from milk 
suggests a possible additional means whereby listeriosis may be transmitted 
to man (/2). 

E. EPIDIDYMITIS (N RAMS 

The etiological agent of this disease is a gram-negative bacterium. 
Studies in Australia, New Zealand, and the United States have led to its 
classification as a special member of the Brucella genus, B. ovis (//, /7). 
TTie infection is characterized by epididymitis in rams, but it also causes 
placental lesions in ewes. Lesions in the male develop initially in the tail 
of the epididymitis and in (he interstitial tissue of the seminal vesicles and 
ampullae. This is followed by extravasation of sperm through the damaged 
epithelium. Investigators have been puzzled by the selective tissue patho- 
genicity shown by this organism since experiments demonstrate that the 
process is systemic at one stage, allowing wide tissue distribution of the 
organism (<5). Sterility of the ram may result, although this is not neces- 
sarily complete since the process commonly involves only one testicle. 
Ewes may abort late in the gestation period but this is not thought to be a 
common process in the infection. In the gravid uterus the organism pre- 



23. INFECTIOUS DISEASE' 


. Li tNCiNO raii'Rom'' i 'O ' '' ■ 


■erentially localizes in the interplaccn.omc j p", I' 

placental necrosis, separation from the caruncks, ami amp . 

exudate. . . . i,. riiimtion of the scrotum. 

Gross lesions in the male can he cKc « j „'„reliahle guide to the 

However, the presence of clinical epi i '™ '' j ,5 (i.S), Serological 

presence of Brucella ovis infection m . procedures should he 

Lts including complement fixation and other procedt 

used (5, 30). , . , rums and their elimina- 

Control is based on diagnosis “ la,cd from mature rams. The 

tion from the herd. Young rams should be is^^^^ ^ ^ 

immature rams may be vaccinated wi jpercase host resistance, it 

vaccine. While there is evidence that t is yppeinc can lead 

must also be anticipated that J y^Lmostic serological tests (.‘>9). 

to later difficulties in the intcrprctatio 


III. Virus Infections 

A. VIRUS-INDUCED ABORTION IN HORSES 
1. Abortion from Equine Rhinopneumonitls 

The equine rhinopneumonitis virus mnior'viral cause of equine 

piratory disease in young horses j. described an epizootic form 

virus abortion. In 1933, Dimock and Edwn (..piscd 

of abortion in marcs in Kentucky and ® many states and Severn 
by a virus. This work was later f ."’‘f/om lUmgnry called 

European countries. Eight years '‘>tar. ‘ regarded as “inllucnza 

attention to the clinical relationship o ,^;,, 5 d that a mild rcspira- 

virus with equine virus abortion. They , tissue suspensions 

lory illness followed installation of viru . y^nl investigations lavc 
on the respiratory mucous ’’’ombr^cs. Edwards is a common 

shown that the abortion virus of Dimo . abortions may be 

fespiratory tract iiiliahitant of the ho • usually produces 

considered a secondary clTecl from a 

fcspiratory disease (M). . „„,i rough arc observed m the pri 

Nasal disciiargc, fever, depression. ^ ^ follow, causing the 

mary infcclion. Secondary luictciial rhinopneumonitis vims 

nasal discharge to become mnco|nirnlcn'. -9 suckling or wean mg 

scorns ,0 be .spread 1-y aeinsols and transient. If «bc v.r« 

'oals. Immunity followini- the "^.i, the antibody response 

'Cinfccts some inonlhs alt.'i llm pil'"'"y "’f""""' 


618 JOHN w. OSEBOLD 


is accelerated and only a mild form of the respiratory disease develops. 
Young horses may be subject to several repeated infections, which tend to 
enhance resistance by antigenic stimulation. 

Infected pregnant mares may abort if they have not had a recent ex- 
posure to the virus. The fetus dies in iitero and is promptly expelled with- 
out evidence of autolysis. Most abortions occur from the 8th month to 
term. The mare shows no signs of illness, the fetal membranes are not 
retained, and the animal is able to breed normally following the abortion. 
Some foals are born alive, but they usually die within 36 hours. The virus 
infection may result in the abortion of only a few mares in a group, but 
abortion rates can be as high as 80%. 

There are widely disseminated evidences of virus infection in the fetus. 
Characteristic intranuclear inclusion bodies may be found in the liver, 
lung, spleen, lymph nodes, and the epithelium of the turbinate bones. 
Commonly observed gross lesions are multiple focal areas of necrosis in 
the liver and edema in the lungs. 

Diagnosis is dependent upon the clinical history and the detection of 
characteristic lesions in aborted fetuses. Tissues should be examined 
histologically to demonstrate the intranuclear inclusion bodies. Virus 
isolation can be done in investigative situations (61). 

A control program has been described by Bryans (9) as a system of 
planned infection for use on breeding farms where the disease has been 
encountered. A hamster-adapted, virulent virus in lyophilized form is used 
to expose all horses on the premises twice yearly, in July and October. 
The virus suspension is administered to the nasal mucous membrane by 
spraying through a special catheter inserted into a nostril. Exposures are 
timed so that no mares are infected after the fifth month of pregnancy. 
The merits of the control method have been demonstrated, but a safer 
method of vaccination is sl/H sought to avoid contagion to vnexposed 
horses and to eliminate the hazard of inducing abortions with virulent 
virus (5S). 

2. Abortion Associated with Equine Arteritis Virus 

Although equine arteritis virus (EA) was probably a common infection 
in earlier limes, its viral etioloQr was not shown until 1953 (18). Out- 
breaks of the disease occur sporadically in the United States. The disease 
is reported uncommonly in other parts of the world. The agent is now 
provisionally classified in the togavirus group (27). The horse is the only 
known susceptible animal and only one immunogenic virus type is known 
to exist. 

The characteristic lesion of this disease is an inflammatory reaction in 
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vulva. This disease may spread rapidly through a herd and usually begins 
with febrile reactions. During its acute stage of 10 to 14 days, the cows 
have considerable pain in the affected tissues and urinate frequently. 
Temporary infertility may occur and breeding should be suspended during 
this early phase of the process. Special measures may be necessary to avoid 
adhesions of the preputial tissues in affected bulls. Diagnosis is made by 
isolation of the virus and serum neutralization tests. 

Unfortunately, the transient disease that the cow experiences can result 
in viral invasion of the fetus causing a generalized necrotizing process with 
death and abortion during the latter half of the gestation period (36). The 
dead and autolj'zed fetuses are aborted about 3 weeks to 3 months follow- 
ing infection of the dam. The placenta is often retained, although placental 
lesions are not dominant (35). 

Immunization of cattle with a modified live virus vaccine is now widely 
employed for the prevention of both infectious bovine rhinotracheitis and 
infectious pustular vulvovaginitis (68). Good control of the disease is 
obtained when the vaccine is administered at approximately 6 months of 
age, and to nonpregnanl adult females. Abortions are likely to follow if 
pregnant cattle are vaccinated. 

2, Bovine Viral Diarrhea-Mucosal Disease Virus Infection 

The virus of bovine viral dlanhea-mucosal disease (BVD-MD) infects 
a high percentage of the cattle in the United States and other parts of the 
world. In many cattle populations it is common to find that approximately 
one-half of the animals have serum antibodies against this agent of the 
togavirus group (27). Mucosal disease is the severest form of the infection, 
resulting in ulcerations in the oral cavity and throughout the mucous 
membrane ol the digestive tract ($, p. 1283). In such cases, the animals 
die without developing an effective immune response. The more common 
form of bovine viral diarrhea is a less severe process producing diarrhea 
and debility. In pregnant cows the virus may invade the fetuses to induce 
either abortions or teratological effects. The problem of fetal deformity is 
discussed in Section III.D dealing with viruses that affect fetal development. 
Abortions are most apt to occur in the first trimester of pregnancy (i4). 
The dead fetuses arc usually aborted, but in some cases they undergo 
mummification in the uterus. In the study of a natural outbreak, KabfS 
c( a!. (33) found that 34Cr of the pregnancies were abnormal, but the 
usual incidence of abortion from this infection is thought to be rclati>cly 
low. Diagnosis of BVD-MD abortion is difficult because it may not be 
possible to isolate the sirus from the dead fetus, which is commonly held in 
the uterus for many da>-s prior to abortion. Since abortion occurs early in 
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associated with placentitis leading to abortion in sheep was first reported 
in 1950 by Stamp et al. (67) in Scotland. Since that time the disease has 
been reported from several countries in Europe and many parts of the 
United States (8, p. 788). 

Abortions and premature lambing occur during the last month of 
gestation. Retention of the placenta and vaginal discharge commonly follow 
the act of abortion. Ewes may be viribly ill with some febrile response for 
a period of a few days. Those that do not expel the dead fetuses may die. 
In a susceptible group of animals, the abortion rate may be as high as 
30%, but is more often 5% or less {47). Fertility of the ewes is not 
affected on subsequent breedings, and rams exposed to the organism 
appear to remain uninfected. 

Clinically this disease resembles vibriosis, and it is necessary to eliminate 
Campylobacter fetus as a factor in the epizootic. Smears prepared from 
infected placentas can be used to demonstrate characteristic elementary 
bodies on microscopic examination. In addition, infected placental tissue 
may be used for isolation of the agent in embryonaied chicken eggs. Tests 
for complement-fixing antibodies will give an indication of the morbidity 
rate within the population of affected animals, but it must be remembered 
that the test is not specific for the organism of enzootic abortion of ewes 
(56). A vaccine prepared in England by formalin inactivation of the 
organism cultivated in embryonated eggs has been used rather extensively 
in Europe and the United States (22). This is reported to induce a 
resistant state lasting more than 2 years. 


D. VIRUSES AFFECTING FETAL DEVELOPMENT 

The a.ssociation of abnormalities in the newborn with infections sustained 
by the pregnant female was gtVen worWwide attention m 1941 in a report 
by Gregg of Australia (25). Following an unusually severe rubella (Ger- 
man measles) outbreak numerous cases of malformed infants were found 
among babies that had been born to mothers infected with rubella virus 
during the first 3 months of gestation. The virus infection bad caused 
cataracts, deafness, heart disease, and microcephaly in the infants. 

Immunization against virus diseases is frequently accomplished by 
inoculating attenuated live viruses- Their use establishes a mild form of 
the virus infection at a time selected as appropriate for induction of the 
resistant state. In certain animal diseases, these immunization practices 
can result in diseases of the fetus similar to those following rubella 
infection in women. 

niuctongue, a systemic virus disease of sheep, may be prevented by 
immunization with such a modifii^ live situs vaccine. If c\scs arc int* 
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Pregnancy following such a mating frequently terminates in death of the 
fetus in the first trimester. The fetus may then decompose in an accumula- 
tion of pus and fluid in the utems. Maceration of the fetus in these fluids 
may continue for several months, or the uterus may expel an early embryo, 
permitting the cow to return to estrus. The discharge of exudates is 
frequently observed in an infected herd. Physical examination will reveal 
the discharge on the floor of the vagina or exuding from the uterus (2). 

2. Diagnosis and Control 

The infection is diagnosed by demonstrating the organism in exudates 
from the female or in preputial washings from the male. Care must be 
exercised to differentiate T. foetus from other flagellates that may be 
encountered. When samples are collected from the cow at a favorable 
time, the organisms can be seen in great numbers from fresh, unstained 
preparations. Demonstration of T. foetus in genital washings from the 
male is usually difficult. Negative results should not be considered proof 
of freedom from infection. A more reliable indicator of the infection status 
of the bull can be obtained by the examination of vaginal samples from 
virgin heifers 1 2--20 days following natural service. 

As soon as the disease is recognized in a herd, sexual rest should be 
instituted since the organisms do not remain permanently in the genital 
tract of the female. After the infectious contents have been voided from 
the uterus, estrus will become reestablished and the irichomonads will be 
eliminated from the genital tract. The females may be bred by uninfected 
males 1-2 months after all discharge has ceased. Ordinarily, infected bulls 
should be eliminated from the herd. However, Bartlett (/) has reported 
success in eliminating the organism from infected bulls with topical treat- 
ment. This procedure is complicated and time-consuming. Its application 
is limited to valuable sires. Successful systemic treatment of infected bulls 
by the oral administration of dimetridazole has been described (45). 
When applicable to the management of the herd, artificial insemination 
from a carefully supervised breeding service should be used. 


B. TOXOPLASMOSIS 
1. The Disease 

Toxoplasmosis in man and animals is caused by a protozoan, Toxo- 
plasma gondii. The parasite is a small, elongated organism (4—7 /tm)» 
tapered at both ends, and frequently seen in compact masses or cjstliLe 
structures (39, p, 294). The organism is now recognized to be a member 
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from these defects may appear normal at birth, but their deficient lymphoid 
systems deprive them of normal resistance mechanisms to microbial agents 
in the cxtrauterinc environment. The animals are destined to experience 
early death from uncontrolled infectious processes. The problem is best 
exemplified in horses, where some foals of the Arabian breed have been 
found to inherit a combined immunodeficiency slate (45). This is com- 
bined in the sense that dcnctcncics of both antibody production and 
cell-mediated immunity arc present. The foals arc highly susceptible to 
both viral and bacterial infections, and they usually die within 4 months of 
age from a complex of adenovirus and bacterial pneumonitis. The 
condition is assumed to be inherited as an autosomal recessive trait. 

A primary immunodeficiency syndrome has been reported in cattle of 
the Black Pied Danish breed (7). Calves descended from a bull carrying 
the recessive gene were deficient in thymus-derived lymphocytes. This 
deprived the calves of their ccU-mediated immunological defenses and also 
blunted the capacity to produce antibodies to many antigens. The calves 
experienced a variety of progressive infections which usually ended fatally. 
Heritable immunodeficiencies are also knosvn to occur in man and in some 
laboratory animals (4). It may be anticipated that this problem will be 
recognized with increasing frequency as the appropriate diagnostic tests 
become applied more commonly. 

B. SPORADIC CAUSES OF GENITAL INFECTIONS 

Space permits little more than mention of several organisms that are 
associated occasionally with reproductive deficiency. Some organisms 
which may be derived from the intestinal tract may be involved in abor- 
tions, such as Escherichia coli, streptococci, and staphylococci in several 
species of animals, and Actinobacillus eqtiuli in solipeds. Salmonella 
abortusovis affecting sheep in Europe and Salmonella abortuseqiii in 
horses are two more organisms of the enteric group that occasionally 
cause abortions (5). 

Other incriminated bacteria have been Pseudomonas aeruginosa and 
Corynebacterhim equi. Corynebacteriwn pyogenes is responsible for a 
wide variety of suppurative processes in various species of mammals. In 
the reproductive tract, it is commonly present in purulent metritis. 

An organism named Aclinobacillus seminis has been described as 
causing epididymitis in rams. Mycoplasma bovigenitaliiim may be isolated 
from the genitals of both cows and bulls. In experimental infections the 
organism produces epididymitis (57). 

Certain fungi, such as Aspergillus jumigatus and Absidia ramosa, invade 
the placental tissues and also produce lesions in the fetus (69). 
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picornavirus Some “dd.bonal v.ruses^-s_o^^^ 

or teratogenic effects are the P ^,^^5 ,n several species of 

Wesselsbron virus in sheep, Rift y (Aujeshy’s disease) (21) 

ruminants, and the pseudo-rabies virus m swine (Auj 
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ovarian changes in ewe during. 482 
Anterior pituitary, see also Pituitary 
mammary gland development during 
pregnancy and. 380 
vascular connection to brain of. 53 
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implantation in, 319 
insemination technique for, 279 
litter size in, 342, 515 
mucin coat on egg of, 289 
ONulation in, 505-507 
parturition in, 517-518 
placenta of, 329-331 
placentation in, 324 
pregnancy diagnosis in, 517-518 
progesterone levels during pregnancy, 
517 

pscudopregnancy in, 514 
sexual behavior in, 518-519 
temperature at parturition. 517 
temporal relationships in pregnancy, 
516 
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6a'*Bromo*17^-hydroxy-17<*-methyl'5' 
oxo-5a*androstan-3*one (BOMT), 
as antiandrogen, 87 
Bruce effect and prolactin, 67 
Bntceila, identification of species of, 607— 
608 

Brucella ovis and epididymitis, 617 
Brucellosis, 607-610 
Buffalo, factors affecting breeding season 
in, 438 

Bulbourethral glands, 246-247 
Bulbus glandis, changes in during copu- 
lation in dog, 519 
Bui], see also Cattle 

additives affecting semen quality in, 

274 

brucellosis in, 608 

Cowper’s glands in, 248 

effect on breeding time of cows, 438 

effect of oxytocin on semen output, 

263 

of prostaglandin Ft, on sperm 
output, 264 

of temperature on storage of frozen 
semen of, 272 

efficiency of spermatogonial mitoses 
in, 212 

freeze-drying of semen, 273 
glycerol in semen extenders for, 271 
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semen 

collection of, 260 
origin and characteristics of, 249 
sex steroids and, 274 
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seminiferous tubules length, 210 
spermatogenesis in, 205 
Sertoli cells in, 219 
sexual preparation and semen col- 
lection in, 261-262 
sperm 

abnormalities in, 215 
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metabolism of, 251-253 
passage through epididymis, 246 
production of, 262, 265, 437 
tail of. 251 

spermatogenic activity in, 435-437 
spermatogenic cycle of, 440-441 


spermatogonia numbers in, 212 
trichomoniasis in, 623-624 
vibriosis in, 610-613 
BVD-MD, see Bovine viral diarrhea- 
mucosal disease 

C 

Calcium, mobilized by estrogen in hen, 
533 

Calf 

fetus, development of, 434 
male differentiation in, 179 
prepubertal period in, 435 
proliferation of supporting cells in 
testis of, 220 

Calfhood vaccination, brucellosis and, 
610 

Campylobacter fetus and vibriosis, 611 
Capacitalion, 292-293 
Cap phase of spermiogenesis, 217 
Carnivore, placentalion in, 325 
Casein, synthesis of, 391-393 
Castration, effects in male of, 58 
Cat 

artificial insemination in, 523 
bimodaliiy of births in, 500-501 
cervix of, 317 

corpus luteum in, 507-508, 510 
effect of ovariectomy during preg- 
nancy, 517 

endocrinology of pregnancy in, 516- 
517 

estrous cycle in, 499-514 
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implantation in, 319 
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pregnancy diagnosis in. 517-518 
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puberty in, 500 
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temporal relationships during preg- 
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terminology of eslrous cycle in, 501- 
502 

vaginal smear in, 513 
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bovine viral diarrhea-muscosal disease 
in, 620-621 

control of fertility in, 447-450 
cfTects of GnRH, 88 
of nutrition on conception, 563- 
564 

on fertility, 442 
on puberty, 554 
epizootic bovine abortion, 621 
estrus in, 441 

factors afTcciing breeding season in. 
437-438 

fertilization in, 441 
frcemartin syndrome in, 335-337, 
445-446 

gcncitc variation in. 588 
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leptospirosis in, 613 
reproduction in, 433-454 
reproductive period in, 437 
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Conception, effect of nutrition on, 561- 
564 

Conceptus 

development of, 315-338 
growth of, 326-329 

Constant vaginal cornification syndrome, 
62. 64, 72-74 

Coomb’s test for farucelfosts, 609 
Copulation 
in dog, 519 

effect on length of estrus in ew-e, 480 
Corona-penetrating enzyme and sperm 
penetration, 294 
Corona radiata, 286 
Corpus cavernosum penis, pressure in 
stallion, 421 

Corpus epididymidis, motility of sperm 
and. 245 
Corpus luteum 
development of 
in bitch, 507-508, 510 
in cat. 507-508. 510 
in cow, 439 
in ewe, 484-485, 488 
in mare, 416-417 
in sow, 459 
effect of HCG, 41 
of ovarian steroids, 108-109 
of prolactin, 42-43 
of uterine factors, 109-1 lO 
effect on ovulation in ewe, 480, 482 
csirus and, 107 
first description of, 5 
function in mare, 408-409 
functional death in ewe, 485 
during gestation in goat, 495-496 
lifespan in mare. 408 
luieolysin and, 320-321 
maintenance of, in ewe, 483-486 
palpation in mare, 409 
of pregnancy, 356 

progesterone concentration m, 97-99 
prolactin and, 39 
sexual season in ewe and, 483 
Cortical granules and zona reaction, 296 
Corticosteroids 

blood levels during pregnancy in cow, 
346 

in ewe, 347 
tn sow. 348 


protein binding assay for, 138 
Corticosterone, role in lactation, 386 
Corticotropin-releasing hormone, see 
CRH 

Cortisol and lactation, 382-383, 387-388 
Cortisone, levels at parturition in sow, 
472 

Coryrtebacterium equi and purulent 
metritis, 626 

Cow, see also Cattle, Heifer 

blood levels in hormones in pregnancy, 
344-346 

brucellosis in, 608-610 
development of placcntomcs in, 327 
effect of nutrition on reproduction in, 
556 

estrogen levels in, 101 
cstrous cycle of, 344, 439-440 
estrus detection in, 276 
freemarlin in, 335-336, 445-446 
gestation length in, 342-344 
IBRIn, 619-620 
implantation in, 319, 444-445 
insemination 
technique for, 279 
time of, 277 
volume for, 279 
listeriosis in. 615 
milk synthesis 
efficiency of, 395 
of protein, 393 

morphogenesis of mammary gland in, 
373 

multiple births in, 342 
oocyte transport in, 288-289 
ovariectomy during pregnancy, 356 
ovulation rate in, 593 
placenta of, 328-331 
pregnancy in, 442-447 
pregnancy diagnosis in, 451 
sperm transport in, 441—442 
twinning 5n. 335-336, 445—446 
uterine placement of ova in, 318 
vibriosis in. 610-613 
viral abortions in. 619-621 
Cowper’s glands. 246-248 
Coyote, hybrids with dog and. 524 
CRH (corticotfopin-reJeaslng hormone). 

55 

Crop gland in assay of prolactin, JO 
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breeding of dams and litter size, 600 
protective agents for sperm, 271 
d gene and fertility, 587 
lUis oophorns, 286 
persing of, 249 
c AMP 

steroidogenesis, 100 
d sperm motility, 251—253 
plasm, receptor— steroid binding in, 
147-151 
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feet on spermatogenesis, 224 
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apacilation factor, 292 
lidual cell response in progesterone 
bioassay, 121-122 
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lydroepiandrosterone (DHA), cata- 
bolism of, 85 

hydrogenase and progesterone bio- 
synthesis, 96 

■Dehydrogenase and steroid synthesis, 
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jxamethasone, induction of parturition 
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ictyate stage, chromosome configura- 
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in cat. 501 
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in rabbit eggs, 299 
in sow, 299 
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growth of, 326-329 

Constant vaginal cornificalion syndrome, 
62, 64, 72-74 

Coomb’s test for brucellosis, 609 
Copulatioit 
in dog. 519 

effect on length of estrus in ewe, 480 
Corona-penetrating enzyme and sperm 
penetration, 294 
Corona radiata, 286 
Corpus cavemosum penis, pressure in 
stallion. 421 

Corpus epididymidis, motility of sperm 
and, 245 
Corpus luteum 
development of 
in bitch, 507-508, 510 
in cat. 507-508, 510 
in cow, 439 
in ewe, 484-485, 488 
in mare, 416-417 
In sow, 459 
effect of HCG, 41 
of ovarian steroids, 108-109 
of prolactin, 42-43 
of uterine factors, 109-110 
effect On ovulation in ewe, 480, 482 
estrus and, 107 
Hcst description of, J 
function in mare. 408-409 
functional death in ewe, 485 
during gestation in goat, 495-496 
lifespan in marc, 408 
luieolysin and, 320-321 
maintenance of, in ewe, 483-486 
palpation in mare, 409 
of pregnancy, 356 

progesterone concentration in, 97-99 
prolactin and, 39 
sexual season in ewe and, 483 
Cortical granules and zona reaction, 296 
Corticosteroids 

blood levels during pregnancy in cow, 
346 

in ewe, 347 
in sow, 348 


protein binding assay for, 138 
Corticosterone, role in lactation, 386 
Corticotropin-releasing hormone, see 
CRH 

Cortisol and lactation, 382-383, 387-388 
Cortisone, levels at parturition in sow, 
472 

Caryttf^octerinm eqat and purulent 
metritis, 626 

Cow. see also Cattle, Heifer 

blood levels in hormones in pregnancy, 
344-346 

brucellosis in, 608-610 
des'clopment of placcntomes in, 327 
effect of nutrition on reproduction in, 
556 

estrogen levels in, 101 
estrous cjxlc of, 344, 439-440 
estrus detection in. 276 
frcemariln in. 335-336, 445-446 
gestation length in, 342-344 
IBR in. 619-620 
implantation in, 319, 444-445 
insemination 
technique for, 279 
time of, 277 
volume for, 279 
listeriosis in, 615 
milk synthesis 
efficiency of, 395 
of protein, 393 

morphogenesis of mammary gland in, 
373 

multiple births 5n, 342 
oocyte transport in, 288-289 
ovariectomy during pregnancy, 356 
ovulation rate in. 593 
placenta of. 328-331 
pregnancy in, 442—447 
pregnancy diagnosis in, 451 
sperm transport in, 441—142 
twinning in, 335-336, 445—446 
uterine placement of ova in, 318 
vibriosis in, 610-613 
viral abortions in, 6 19-62 1 
Cowper’s glands, 246-248 
Coyote, hybrids with dog and, 524 
CRH (corticotropin-releasing hormone), 
55 

Crop gland in assay of prolactin, 10 
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Crossbreeding of dams and litter size, 600 
Cryoprotective agents for sperm, 271 
Culard gene and fertility, 587 
Cnm»/«s oophorits, 286 
dispersing of, 249 
Cyclic AMP 
in steroidogenesis, 100 
and sperm motility, 251-253 
Cytoplasm, receptor— steroid binding in, 
147-151 


D 

Day length 

effect on spermatogenesis, 224 
on sexual season m sheep, 591 
Decapacitation factor, 292 
Decidual cell response m progesterone 
bioassay, 121-122 
Deer, implantation in, 3 19 
Dehydroepiandrosterone (DHA), cata 
bohsm of, 85 

Dehydrogenase and progesterone bio- 
synthesis, 96 

17 Dehydrogenase and steroid synthesis, 
236 

Deoxyribonucleic acid, sec DNA 
Dexamethasone, induction of parturition 
m mare with, 419 

Dictyate stage, chromosome configuro” 
tions at, 187 
Diestrus 

'n bitch, 501, 503 
m cat, 501 
Digyny 

in rabbit eggs, 299 
m sow, 299 

Dimelhylstilbestrol and uterine growth. 
155 

Disease and reproduction, 605—629, 
see aho specific diseases 

DNA 

measure of mammary gland de- 
velopment, 378 

•n nucleus of spermatozoa, . .^7 
sicroid receptor binding and, 156- 
Dog see also Bitch _ 

absence of Cowpsr’s glands m, -48 
ape at puberty m. 499-500 
artificial inscmmatton in, 522 

size and number of young. 5 


brucellosis in, 610 
copulation in, 519 
estrous cycle in, 499-514 
genetic aspects of sex, 523-524 
hybrids with, 524 
male genitalia in, 520-521 
oviductal transport in, 515-516 
postpartum ovarian activity in, 518 
prostate in, 248 

stimulation o£ secretion by pilo- 
carpine, 249 

prostatic secretion in, 521 
reproduction in, 499-527 
reproductive physiology of male, 
520-523 

semen in, 521-522 

characteristics of, 249 

collection from, 260, 522-523 
pelleted frozen, 272 
seminal vesicles, lack of; 
serum progesterone in. 137 
Donkey, chromosome number in, 42 
Dopamine 
m brain, 56 

pIHand, 66 

prolactin secretion and, 66 
Dourine and genital disease in mare. 62, 


lA, sec Epizootic bovine abortion 

;g, see also Ova 

fertile life of, 298 

;g albumin, synthesis of. m hen, 532 

555 , 

■g shell, composition of, 
aculatc, chnracteristics of, 2vu 
[oculalion 

neural control of. 51 
pattern of, m stallion, 421-422 
spilt fractions of semen and, 253 
Icclrcejaculation, 259—- 9 
Icphant 

gestation length in 342 „ 

progesterone les els during pregnanej 

in. 358 

;mbDO(s),iefulmFetm 

carbohydrate 30^ 

cleavage of. 300-3^. 303-304 

development of. 300 
rate of. 289 
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in sow, 461 

differentialion of, in cattle, 443- 
444 

energy requirements of, 305 
gastrulation of, 303 
metabolism of, 305-306 
migration of, in sow, 462 
preattachment nourishment of, 317 
protein synthesis by, 305 
position of, in sow, 462-463 
spacing in sow, 462-463 
storage of, 306 
survival of, 593-594 
in sow, 467-469 
zona pellucida and, 286 
techniques for collection of, 309-310 
transfer of, 306-310 

genetic improvement and, 598-599 
to measure breed superiority for 
embryonic survival, 593 
synchronization requirements for, 
310 

techniques and procedures of, 308- 
310 

in vitro culture of, 306 
Embryonic mortality, effect of nutrition 
on, in pigs, 561-562 
Embryotrophe, 331 
Encephalitis caused by Listeria, 615 
Endocrine function, effects of nutrition 
on during growth, 555 
Endometrial cups 
distribution of, 319 
in mare, 415—416 
origin of, 319-320 
Endometrium 

clTecls of progesterone on, 104-105 
progesterone catabolism in, 92 
Endotheliochorial placenta, 329, 331 
Endoplasmic reticulum in primordial 
germ cells, 176 
Energy 

effect on male fertility, 565-566 
metabolizable 

amount necessary to affect repro- 
duction, 558-559 
efficiency of utilization for preg- 
nancy, 567 
Environment 

effect on laying cycle of hen, 534-535 


on reproduction in female, 63 
on sexual cycle, 52 
on sexual season in cattle, 437-438 
on spermatogenesis, 224 
interaction with genotype, 590-591 
Enzootic abortion in ewe, 621-622 
Enzymes 
in milk, 371 

in seminal plasma, 252-253 
steroidogenic, 96 
Epididymis, 243-246 
contractile activity of, and sperm 
movement, 246 
effects of androgens on, 103 
of ram, 237 

secretions in stallion from, 420 
structure of, 243-244 
testosterone metabolism in, 86 
Epididymitis In ram, 616-617 
organism occasionally causing, 626 
Epigenists. 6 
Epinephrine in brain, 57 
Epitheliochorial placenta, 329 
Epitheliochorion In mare, 419 
Epizootic bovine abortion 
sympiomology of, 621 
Equilenin, 417 
Equilin. 417 

Equine arteritis virus, 618-619 
Equine gonadotropins 

carbohydrate composition of, 23 
characteristics of, 21 
Equine herpesvirus 1, abortion from, 
617-618 

Equine hybrids, reproduction in, 424—425 
Equine rhinopneumonitis virus, 617-618 
Erection, initiation of, 51 
Ergothioneine 
in semen, 249 
in seminal plasma, 252-253 
Escherichia coli and abortion, 626 
Estradiol, see also Estrogens and Steroid 
hormones 

effect on albumin accumulation, 146 
on estrogen receptor, 152 
on onset of estrus in ewe, 482 
on ovulation in ben, 536 
on RNA polymerase activity, 162 
entry to target tissues, 147 
identification of, 89 
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induction of estrus in heifers, 441 
of lactation, 377 

interconversion in endometrium, 146- 
147 

isolation of, 9 
levels of 

in blood at estrus in ewe, 486 
during cycle in ewe, 481-482 
in laying hen, 543 
partitioning of, 147 
during puberty in heifers, 436 
in rat plasma, 69-70 
role in release of LH and prolactin in 
ewe, 484 

secretion of, by ovulatory follicle in 
ewe, 486 

steroid hormone receptor identification 
and, 144 

stimulation of RNA and, 162-163 
uterine growth and, 153-155 
Estriol 

effect on RNA polymerase activity, 162 
stimulation of RNA and, 162-163 
uterine growth and, 153-155 
Estrogen (s), ice also Estradiol, Estriol, 
Equilenin, Equilin, Estrone, 
Phyioestrogens 

binding differences among, 145-146 
binding by serum albumin, 145-146 
bioassay, 120-121 

biochemistry of, 89, 92-97, 100-102 
biosynthesis of, 92-94 
blood levels of, 101 

during estrous cycle in bitch, 354 
in cow, 344 
in mare, 351, 404—405 
in sow, 348, 458 
at parturition in sow, 472-473 
during pregnancy in bitch, 353-3 
in cow, 344-345 
in ewe, 346—347, 487-488 
in goat, 350 
in mare, 351-352, 417 
in rabbit, 354-356 
in sow, 348-349 
brain implants of, 61 
Ca metabolism in hen and, 533 
^laboUsm of, 94-96 
in cock testes. 549 
^njugales of, 96-97 


control of progesterone receptor by, 

166 

discovery of, 9 
effect on bitch, 503 
on capacitation, 293 
on GnRH in ewe, 487 
on growth of uterine glands in hen, 
534 

on histamine mobiiization, 157-158 
on hyperemia, 158 
on hypertrophy of Cowpers giands. 
248 

on initiation of iactation, 376-377 
on LH secretion, 62-63 
on maintenance of iactation 388 
on mammary gland, 376-377, 380 
on moulting hen, 547-548 
on oocyte transport, 289 
on oviduct, 106-107 
on parturition, 364 
on template activity of chromatin, 

1 62 

on uterotropic events, 153-155 
on uterus, 105-106 

international reference standards tor, 9 
LH secretion and, 60-61 
lipids and, 158 
lipoproteins in hen 
Ivsosome labilization and, 158 
metabolic conversion and biological 
activity, 146 
metabolism of, 94-96 

nomenclature of, 80 

ovalbumin mRNA, 160 

in ovary of hen, 537 

oviduetal growth in h'" ^ 
physiological effects of, 

pituitary-ovarian events and - 

polymerase I and II and, 162-163 
prccursor(s) of, 
precursor uptake and, 1 5b 

‘"during uncal phase in cow, 439 
rates of, 101 

profile during estrous cycle, 108 
prostaglandin F„ in ewe and 485 
protein binding assay for 139 
protein synthesis and, ,,5 

retention of nuclear sties and, 164-16S 
RNA and, 158-159 
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role in initiating placental attachment* • 
489 

in pregnancy, 357 
secretion of, 100-102 
control mechanisms for, 102 
secretion of Cowper’s glands and, 248 
sources of, 100-101 
stimulation of RNA synthesis by, 158- 
159 

of mRNA copies and, 160 
structures of, 89 

uterotrophic responses to, 154-155 
water imbibition and, 158 
Estrogen receptor 
control by progesterone, 166-170 
physical properties of, 149, 161 
Estrone 

interconversion in endometrium, 146- 
147 

isolation of, 89 

Estrone sulfate and initiation of placental 
attachment, 489 
Estrous cycle 

characteristics of in bitch, 499-514 
in cat, 499-314 
in cow, 439-440 
in ewe, 346, 479-487 
in goat. 495 
in guinea pig. 8 
in mare, 402-404 
in mouse, 9 
in rat, 9 
in sow, 457 
characterization of, 12 
endocrine events during in cow. 440 
effect of hysterectomy in marc on, 408 
of light in mare, 402-403 
of uterine infection in mare on, 414- 
415 

estrogen profiles during, 101 
factors affecting length of, in cot. 503 
gonadotropin secretion during, 34-35 
hormone levels in sow during, 458-459 
hormone profile during. 59-60 
influence on mammary gland develop- 
ment. 376 
phases of, 8 
Estrus 

induction of 
in ewes, 482 


in sows, 456-457 
length of 
in bitch, 503 
in cat, 503 
in cow, 439-441 
in ewe, 482 
in goat, 495 
in marc, 410-413 
in sow, 456-458 
postpartum 
in ewe, 492 
in mare. 419 

relation of ovulation to, 12 
synchronization of, 14 
in Cow, 448-450 
in ewe, 492-493 
prostaglandins and, 13 
time of day in cow, 440 
Ewe, see also Sheep 

artificial insemination in, 494-495 
blastodermic vesicle of. 327 
blood levels of hormones during 
pregnancy in, 346-348 
bluetongue in, 622-623 
body condition and ovulation in, S90 
breed differences in ovulation rate in, 
480 

breeding during anestrus in, 493-494 
CL of pregnancy in, 321 
development of placentomcs in, 327 
effect of formononetin on conception, 
563 

of flushing, 559-560 
of nutrition on reproduction, 556 
of pregnancy on follicular growth, 
482 

of ram on estrus in ewe, 483 
of shearing on pregnancy, 569 
embryonic growth in, 326 
enzootic abortion in, 621-622 
estradiol levels during cycle, 481-482 
estrogen levels in, lOI 
estrous cycle length in, 346 
follicular growth during anestrus in, 
482 

freemarlin in, 336 
gestation length in, 342. 346 
gonadQtropin(s) 
luteinization and, 37 
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secretion during estrous cycle of, 34- 
35 

hormonal changes and ovarian changes 
m, 481 

implanlation in, 318 
insemination technique for, 279 
length of oogonial period in, 181 
htter size in, 342 

maintenance of corpus luteum in, 483- 
486 

of pregnancy in, 490-491 
nutrition and ovulation rate in, 476 
OPL as pregnancy test in, 481 
ovarian changes during cycle, 480-482 
ovulation in, 486-487 
ovulation rate in, 592 
ovulatory season in, 478 
parturition in, 491 
pituitary hormones during pregnancy 
in, 360 

placenta of, 328-331 
placentation in, 323, 326 
pregnancy in, 487-491 
hypophyscctomy and, 359 
ONaricctomy and. 356 
progesterone 
cstrus and, 483 
Icscls in, 97-98 
production in, 99 
puberty in, 477 
reproduction in. 475-498 
seasonality of sewial activity in, 477- 
479 

sexual receptivity in, 482^83 

s>nchronization of cstrus in, 492 9 

test for pregnancy in. 488 

' ^ ^99 

time of insemmatjon in. ..7 

of ovulation in, 480 
toiipoicncy of blavtomeres of. 304 
uterine spacing of ova in, 318 
vibrimis in. 611-613 
l‘vttacmbt>onjc membranrs. n,sture o . 


Feces 

androgen metabolites in, 84 
estrogen metabolites in, 95 
progesterone metabolites in, 92 
Feedback mechanisms, and control of 
puberty, 71—72 

Female . . 

characteristics of gametogencsis in, 175 
concentration of testosterone in. 86 
control of gonadotropin secretion in, 
59-65 

elTects of brain lesions in, 62 

of nutrition on sexual development, 
555 

gonad development in, 178-179 
insemination of, 276-279 
mechanism of action of gonadal 
hormones in, 143-173 
orgasm in, 52 

physiology of FSH in. 38-39 
of HCG In. 40-41 
of LH in. 34-37 
of PMSG in, 41-42 
of prolactin in, 42-43 
Ferret , 

cfTccl of light on cstrus in. 63 
pregnancy and hypophyscctomy in, 359 
Fertility 

control of, in cattle, 447-450 
effects of nutrition on. 13-14. 565-566 
hcterospcrmic insemination and. 275- 
276 

jperm motility and. 266 
after v>nchroni7a!lon of cstrus in ewe. 
493 

Fcrlihration. 285-^00 
in bilch. 515 

consequences of. 294-29S 
in cow. 441 

cumulus mass arvJ. 289 

observation of. 6 

in oviduct. 7 



642 INDEX 


Fetal genotype 

effect on length of gestation, 364 
PMSG secretion and, 363 
Fetal gonads 
development of, 362 
of horse, 417 
Fetal growth 

in cattle, 333-335 
in horse. 334-335 
in sheep, 334 
Fetal nutrition, 331-332 
Fetal respiration, 333 
Fetal survival in sow, 467-469 
Feto-placenta, endocrine factors of, 360- 
362 

a-Feto protein, 145 
Fetus, see also Embryo 

activity of adrenal of, 363, 365 
of hypophysis of, 363 
of thyroid in, 363 
development of gonads in, 362-363 
endocrine functions of. 362-363 
growth of. 333-335. 569 
as homograft, 337 
sexual differentiation in cattle of, 

434 

urine excretion in, 326 
Fimbria, at ovulation, 288 
Finn X Blackface, body condition and, 
590 

Finnish Landracc 
embryonic survival in, 593 
response to daylight and, 59 1 
Flushing, effect on reproduction of, 558- 
560 
Follicle 
atresia of, 192 
dehniiions of, 191-192 
development of, 193-195 
different types of, 19I-I96 
in sow, 460 

dimensional criteria for, 192 
dynamics of growth of, 193 
growth of. 190. 193-196 
in ewe, 480-482 
hormones and. 196-198 
initiation of, 195 
model of kinetics. 193 
morphology of, in hen, 530-531 
regression of, 195 


retaiioa to oocyte, 190 
relationships between, 195-196 
size in mare, 405-406 

steroid concentration in laying hen 
and, 545-547 

Follicle-stimulating hormone, see FSH 
Follicle- stimulating hormone-releasing 
hormone, see FRH 

Follicular cycle, length in ewe, 480-482 
Follicular fluid 
estrogens in, 101 
LH in, in ewe, 484 

Follicular growth and gonadotropins, 38 
Follicular hierarchy, establishment of, in 
hen, 530-531 
Folliculogenesis, I90-I98 
in bitch. 503-S05 
in cat, 505 

as affected by hormone levels, 196-198 
in mare, 404 
oogenesis and, 175-202 
Formononetin, and conception rate in 
ewes, 563 

Fowl, myoid cells and blood-testis barrier, 
241 

Frcemarlin, 335-337, 445-447 
oogenesis in, 183 

FRH (fol)icle-siimulating hormone- 
releasing hormone), 55 
localization of, 56 
in rat hypoihalarnus, 70 
structure of, 34 

Frozen semen, see Semen, frozen 
Frozen sperm, see Sperm, frozen 
Fructolysis, by ram sperin, 251 
Fructose 

levels in cat semen. 522 
in dog semen, 522 
in semen, 249 
in seminal plasma, 252-253 
FSH. see also Gonadrotropins 

amino acid sequences in, 19, 24, 26 
androgen binding protein and. 40, 239 
blood levels during pregnancy, in 
347-348 

bioassay for. 40-41, 123-124 
carbohydrate composition of, 23 
chemical properties of, 23-28 
discovery of, 10 
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effect on binding of HCG to granulosa, 
41 

on cock testis, 549 
on estrogen biosynthesis, 94 
on estrogen secretion, 102 
on follicular growth, 38, 196-198 
on granulosa cells, 39 
on luteinization, 34, 39 
on moulting m hen, 547-548 
on progesterone secretion, 39, 100 
on spermatid maturation, 39-40 
on steroidogenesis, 37 
on testicular function, 37 
on twinning in sheep, 596 
on ventral prostate, 40 
effects of androgens on, 58-59 
m estrous cycle of mare, 407-408 
isoelectric point of, 21 
levels m laying hen, 541 
physical properties of, 25 
physiology of, 38-40 
plasma half life of, 34 
primary structure of, 28 
profile m rat plasma, 68, 69 
properties m common with LH of, 34 
protein binding assay for, 140 
regulation by ‘'inhibin”, 239 
regulation of secretion in male, 57-59 
TchUve potency of, 21 
role of sialic acid in function, 40 
Sertoli cells and, 39-40 
structural features of, 18-20 
FSH-RH (Follicle stimulating hormone- 
releasing hormone), see FRH 
Fucosc, m gonadotropins, 23 
Fungi, causing genital infections, 626-627 

G 

Galactose, m gonadotropins, 23 
Galway sheep, selection for ovulition 
rate, 592 

Gamctogcncsis, general characteristics of. 

175 

Gametes 

aging of, 29^1-299 
fertile life of. 298 
Gastrulaiion. of embryo. 303 
Ccmmulcs, 4 


Gene(s) 

influencing estrous cycle length in 
bitch, 502 
single 

elimination of defects caused by, 
some traits controlled by, 587-58 
Genetic abnormalities and sexual diffe 
entiation, 335, 578-579 
Genetic aspects of sex m cat and dog, 
523-524 

Genetic improvement, 577-604 
selection for, 583-585 
Genetic selection, 583-585 
Genetic variation, 578 

breed differences in, 588-590 
measurement of, 583-586 
Generative ferment and gonadal activi 
9 

Genital development, effect of androg 
on, 73 

Genual infections, organisms causing, 
626-627 

Genotype, interaction with environmei 
590-591 
Germ cell(s) 

association, as classification of semt 
niferous epithelium cycle, 205-2 
factors influencing numbers of, 183 
oogonia} mitoitc <)iViSions and, J83-J 
Geslalion, sec also Pregnancy 

effect of adrenal corlicoids, 419, 469 
of fetal pituitary, 469 
of genotype, 364, 469 
of number of fetuses. 469 
of nutniion, 569 

effect on Graafian follicle growth in 
ewe, 482 

length of, in bitch, 342, 351, 514-517 
m cat. 342. 514-517 
in cow, 342, 344 
in ewe, 342, 346 
m goat. 342. 348,495 
in guinea pig. 342 
in mare. 342. 35 1 
in monkey, 342 
in mouse. 342 
m rabbit. 342. 354 
in rat, 342 

relationship to maternal weifht. 581 
in sow, 342. 348, 469 
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in woman, 342 

GIH (growth hormone-inhibhing 
hormone), 55 
Gilt, see also Pig. Sow 
fetal mortality in, 561 
first estrus in, 456 
prolonged cycles in. 457 
puberty in, 456 
Glucocorticoids 

induction of parturition in mare with, 
419 

maintenance of lactation and, 388 
Glucose 

blood-testis barrier and, 241 
precursor: product relationship in milk 
of, 390 

Glucuronidase and semen quality, 274 
Glucuronosyltransferase and steroid 
conjugates, 96 
Glutamic acid 
in rete testis fluid, 239 
in seminal plasma, 252-253 
Glycerol 

as cryoprotective agent in semen 
extenders, 271 
semen preservation and, 12 
Olycerylphosphorylcholine in seminal 
plasma, 252-253 

Glycogen, effect of estrogens on, 357 
Glycoproteins, as gonadotropins, 18-19 
GnRH (gonadotropin-releasing 
hormone), 88 

effect of estrogen on, in ewe, 487 
LH and, SS 
Goat 

artificial insemination in, 496 
blood levels of hormones during 
pregnancy in, 348-351 
estrogen levels in, 101 
freeze-drying of semen of, 273 
gestation length in, 342, 348, 495 
insemination technique for, 279 
length of estrous cycle in, 348, 495 
of estrus in, 495 
Jitter size in, 342 
milk protein synthesis in, 393 
placenta of. 329 

pregnancy and hypophyscctomy in, 359 
pregnancy and ovarieclorny in, 356 
puberty in, 495 


reproduction in, 495-496 
role of oxytocin in parturition in, 364 
semen, origin and characteristics of, 
249 

semen extender for, 496 
lime of ovulation in. 495 
Golgi phase 

of cycle of seminiferous epithelium, 
205 

of spermiogenesis. 216 
Gonad<s) 

fetal development of, 362-363 
sex differentiation of, 179 
Gonadal atrophy and hypothalamic 
lesions, 53 

Gonadal dysgenesis, in marc, 425-427 
Gonadal function and pituitary 
transplants. 54 
Gonadal hormones. 79-111 
effect on hypothalamus. 50 
measurement of, in hen, 537 
mechanism of action in female, 143- 
173 

in synchronization of estrus, 14 
Gonadal hypoplasia, genetic control of, 
587 

Gonadal sex, development of, 578-579 
Conadectomy and urinary androgens, 88 
Gonadotropic hormones, protein binding 
assays for, 139-140 

Gonadotropin regulating center, concept 
of. 59 

Gonadotropin releasing factor, structure 
of. 34 

Gonadotropin-releasing hormone, see 
GnRH 

Gonadotropm(s), 17-47, see also FSH, 
HCG, LH, PMSG 
amino acid sequences in subunits, 19, 
24, 26 

in avian pituitarles, 20 
biochemical studies on. 34 
biological activity of, 20-22 
blood-testis barrier and, 241 
carbohydrate composition of, 18-19, 
22-23 

chemistry of, 18-32 
control of secretion of, 50 
effects on estrogen secretion by, 102 
follicular growth and, 38 
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o.ary of. 530-531 
o\'’duct in 531-534 
o^otransfsmn .n egg of, 533 
ovoibtorv c>cle in, 534-535 
pro:£siercne from ov'ary m, 537 
shell fonration in, 533 
tes os’eroae from o\ary m, 537 
trasel tuns for osTim throu^ oviduct 
in, 534 
\agma of, 532 
Henlabihty 

identificauon of superior genot>-pss 
and, 586 

of litter size m pigs, 590 
of trait, 5&4 
Heterosis 

effect on litter size m gilts, 5S9 
gene interactions and, 588 
Heterospcrmic insemination, ue Insemi 
nation, heterospermic 
Hmny 

chromosome numbers la, 424 
oogenesis in, 183 

Histamine mobilization, by estrogen, 
157-158 

Hisud>l residue and radioiodmation, 130 
Histotropbe, 331-332 
Hog cholera, control of. and fetal devel 
opment, 623 

Homograft, fetus as. 337 
Hormonal assay, for LH. 21 
Hormonal lesels 

associated uith osanan changes in cue, 
481 

during pregnancy and partuntion in 
bitch, 353-354 
in cow, 344—346 
in ewe, 346-348 
in goat, 348-351 
in mare. 351-353 
in rabbit, 354-356 
in so*. 348. 466-467, 472-473 
Hormores, iff also specif hormones 
in blood during pregnancy, 343-356 
changes at pubert> in heifers. 436 
cdect on brain desclopmerl, 72-74 
on follicular growth. 196-198 
on folSiculogenesis. 196-198, 506- 
507 

follicular growih and. 196-198 


levels affecling folliculogencsis, 196- 
198, 506-507 

mechanism of acuon of, 143-173 
from placenta, 360-362 
of pregnancy, 341—363 
requirement for maintenance of 
lactation, 387-389 
for mamnury gland development, 

378-383 

for ov-ulation m ewe. 483-4S4 
Horse, see also Mare, Stallion 
chromosomal errors in, 425-4-7 

chromosome numbers m. 424 

fetal gonad development m. 363, -*11 
hemoljlic disease m, 338 
immunodeficiency syndromes in, 

lotersex in. 427 
prostate m. 248 
pseudohermaphrodite in, 427 
reproduction in, 401—431 
serum progesterone in, 137 
Huinan(s) 

determination of Y-beanng *p4 * 

precocious puberty in males, 7*. 
serum progesterone in, 137 
spermatogeme cycle itu 72 tsCG 

Human cbonomc gonadolrOpm, see 
Human gonaxJoiropins ^ 

carbohydrate composiuon of. -3 
charactensiics of, 21 


Hyaluromdase ^ 

in membrane of spermatozoa, -4 
sperm penetration and, 294 


H)dn>x>lase, and progesterone 
biosynthesis, 96 




—40 ^ -^54 

3^H>droxysteroid dehydrogenas-. 
a*, 3^h>droxysleroid dehydrogenase 
steroid synthesis, 236 
Hyperemia, effect of estrogen on. 15 
Hyperlipemia, in ben. 534 
Hypodiploidy. m rabbit eggs, 299 
Hypophyseal portal system, 53-64 
Hypophyseciomy 
effect on cock, 549 

on pregnancy, 359. 490-456 
parapharyngeal approach. 10 
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Hypophysis, see also Anterior pituitary. 
Pituitary activity in fetus, 363 
Hypothalamic hormones, in controlJing 
secretion of pituitary hormones, 13 
Hypothalamus 
cholinergic pathways in, 57 
control of secretions by 

of gonadotropin secretions by, 60, 

62 

diseases involving, 52 
effect of gonadal hormones on, 50 
of lesions of, 52-53, 70 
mating behavior and, 51 
neural control of anterior pituitary by, 
53 

prolactin secretion and, 67 
releasing factors in prepuberal rats, 70 
reproduction and, 1 1 
Hysterectomy, effect on estrous cycle in 
mare, 408 

1 

IBR, sec Infectious bovine rhinoiracheltis 
ICSH, see LH 

lie de France, ovulation rate repeatability 
estimate of, 592 

Immunodeficiency syndromes, 625-627 
Implantation, 315-338 
blastocyst size and, 303 
in cow, 444-445 
definition of, 341 
steroid conjugates and, 97 
types of, 317 

Improvement of traits, independent 
culling for. 599-600 
Inbreeding, effect on reproduction in 
pig. 590 
in sheep, 589 

Infections, see specific types 
Infectious bovine rhinoiruchcitis (IDR), 
619-620 

fnfccifous pustular vulvovaginitis (IPV), 
619-620 

InfundvbviUiin of avian oviduct, 532 
'•Inhibin** in rcic tcsiiv fluid. 239 
Inositol 

in tcic icsiis fluid. 239 
in vemen, 249. 252 
inveminatiort 

ailirtcial. iff Ailiflcial invcminaik>n 


time of, 277-27S, 483 
Insemination, heterospermic 
fertility rate following, 275, 276 
in semen evaluation, 267 
Insulin 

effect on electron transport, 388 
on laciogenesis, 382 
on maintenance of lactation, 388 
radioimmunoassay for, 126 
Inlersex, 578 
in horses, 427 

Interstitial cell-stimulating hormone 
(ICSH). see LH 

Interstitial tissue of testes, 233-234 
Intravaginal sponge, use for synchroni- 
zation of estrus 
in cow, 449 
in ewe, 493 

Isomerase, and progesterone biosynthesis, 
96 

A*,A*-Isomerase, and steroid synthesis, 

236 

Isthmus, of avian oviduct, 532 

J 

Jackal, hybrids with dog and, 524 
Japanese-D encephalitis, and 
abortion, 627 

K 

Kidney 

leptospircs in, 614 
pituitary transplants to. 54 
testosterone metabolism in. 86 

L 

Lactation, 377-400 
effect on estrus in sow, 457 

on posip,irtum estrus in ewe, 492 
on prolactin secretion. 65-66 
hornion.ll rc«iuircmenls for main- 
tenance of, 387-389 
initiation of, 376-377, 383-387 
Lactogens, see also Prolactin 
s>nthcvis by placenta, 362 
Lactopcrovidavc. for radioiodinal»on. 130 
Lactove 

secretion of fhO in iniJk and. 390 
s>nlhcviv of, 390-391 
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Hypophysis, sec also Anterior pituitary, 
Pituitary activity in fetus, 363 
Hypothalamic hormones, in controlling 
secretion of pituitary hormones, 13 
Hypothalamus 

cholinergic pathways in, 57 
control of secretions by 

of gonadotropin secretions by, 60, 

62 

diseases involving, 52 
effect of gonadal hormones on, 50 
of lesions of, 52-53, 70 
mating behavior and, 51 
neural control of anterior pituitary by, 
53 

prolactin secretion and, 67 
releasing factors in prepuberal rats, 70 
reproduction and, 1 1 
Hysterectomy, effect on estrous cycle in 
mare, 408 

1 

IBR, ree Infectious bovine rhmotracheitis 
ICSH, jee LH 

lie de France, ovulation rate repeatability 
estimate of, 592 

Immunodeficiency syndromes, 625-627 
Implantation, 3J5-338 
if^astocysf size anrf, 30S 
m cow, 444-445 
definition of, 341 
steroid conjugates and, 97 
types of, 317 

Improvement of traits, independent 
culling for, 599-600 
Inbreeding, effect on reproduction in 
pig. 590 
in sheep, 589 

Infections, trr specific types 
Infectious bovine rhmotracheitis <1BR), 
619-620 

Infectious pustular vulvovaginitis (IPV), 
619-620 

Infundibulum of .ivnn oviduct, 532 
' Inhtbin" in rcle testis fluid. 239 
Inositol 

In rcle testis fluid, 239 
in semen. 249, 252 
Invcmm-ition 

artifictal. srr Artificial insemination 


time of, 277-278, 483 
Insemination, heterospermic 
fertility rate following, 275, 276 
m semen evaluation, 267 
Insulin 

effect on electron transport, 388 
on lactogenesis, 382 
on maintenance of lactation, 388 
radioimmunoassay for, 126 
Intersex, 578 
m horses, 427 

Interstitial cell-stimulating hormone 
(ICSH), see LH 

Interstitial tissue of testes, 233-234 
Inlravaginal sponge, use for synchroni- 
zation of estrus 
in cow, 449 
in ewe, 493 

Isomerase, and progesterone biosynthesis, 
96 

A*,A*-Isomerase, and steroid synthesis, 
236 

Isthmus, of avian oviduct, 532 
3 

Jackal, hybrids with dog and, 524 
Japanese-B encephalitis, and 
abortion, 627 

K 

Kidney 

Icptospires in, 614 
pituitary transplants to. 54 
testosterone metabolism in, 86 

L 

Lactation, 377—400 
effect on estrus in sow, 457 

on postpartum estrus in ewe, 492 
on prohclin secretion. 65-66 
hormonal requirements for main- 
tenance of. 387-389 
initiation of. 376-377, 383-387 
Lactogens, see also Prohclin 
synthesis b> pheenua, 362 
I actopcroxidavc. for radioiodmalion, 130 
Ijictosc 

wretion of H O m milk and. t90 
synthesis of, 390-491 
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Inclose synthetase complex, and lactose 
synthesis, 390 

Lamb, probferafion of supporting cells 
in, 220 

Leptospirosis, 613-615 

Leydig cells, 233 

androgen secretion and, 87 
in testes of boar, 233, 235 
of bull, 233 
of ram, 233 

LH (luteinizing hormone), see also 
Gonadotropins 

amino acid sequences in, 19, 24, 26 
assays for, 21 

binding to granulosa cells, 36, 39 
binding sites for, 37 
bioassay for, 38, 41, 124-125 
bioiogica} activity of, 20-22 
blood levels during cstrous cycle in 
bitch, 354 
in cow, 344 
in ewe, 347, 594-595 
in sow, 348 
blood levels 

in laying hen, 539-S40 
during pregnancy in bitch, 353-354 
in cow, 344-346 
in ewe, 347 
in sow. 348-349 
in prcpuberal calf, 435 
carbohydrate composition of, 22-23 
chemical properties of, 20-23 
circhoral oscillations in plasma levels 
of. 64-65 

content in pituitary of, 135 
as control of progesterone secretion. 
99-100 

discovery of, 10 
effects of androgen on, 58-59 
of estrogen on, 62-63 
of GnRH on, 88 
of progesterone on, 64 
estrogen at estrus in e»c and. 486-487 
factors affecting release of, in dog, 521 
in follicular fluid of c^e. 484 
follicular grovklh and. 198 
as indicator of breeding value tnlamb, 
597 

induction of progesterone secretion by, 
37 


interstitial cell binding sites and, 

37-38 

isoelectric point of, 21 
luteinization and, 34, 36-37 
in mare, 405 

in moulting hen, 547-548 
ovarian steroids and release of, 107- 
108, 542-545 
otmlation and. 34, 36, 39 
in hen, 535-538 

ovulatory surge m bitch, 506-507 
plasma half-life of, 22, 34 
physical properties of, 22-23 
physiology of, 34-38 
polymorphism of, 19-20 
primary structure of. 22-23 
profile in rat plasma, 68, 69 
prosesierone secretion and, ID, 39 
properties In common with FSH, 34 
protein binding assay for, 140 
during puberty in heifers, 436 
purification of. 10 

regulation of secretion in male, 57-59 
relative potency of, 21 
release of, in hen, 535 
sialic acid in, 22-23 
steroidogenesis and, 37 
structural features of, 18-20 
testicular function and, 37-38 
testosterone secretion and, 41 
validation of radioimmunoassay for, 
133-136 

LHRH (luteinizing hormone-releasing 
hormone), 55 

concentration in rat hypothalamus, 70 
effect of ovarian steroids on, 108 
estrogen-LH feedback and, 62. 63 
localization of, 55-56 
mating behavior and. 14 
peaks before ovulation in hen. 539 
structure of, 34, 55 
Libido, effects of nutrition on, 565 
Light 

effect on estrous cycle in mare. 402- 
403 

on laying cycle of hen, 534-535 
on puberty, 70 
on sexual activity in cue, 478 
on sexual cycle. 52 
seasonal reproduction and. 8 
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Light receptors and reproduction, 63-64 
Lipoglycoprotein, in membranous sac of 
spermatozoa, 249 

Lipoprotein, role of estrogens in mobili- 
zation, 533 
Listeriosis, 615-616 
Litter size 
in bitch, 515 
in cat, 515 

estimation of heritability of, 590 
maternal weight and, 581-582 
species differences in, 342 
variation in sheep, 589 
Litter weight, species differences in, 580- 
581 
Liver 

estrogen catabolism in, 95 
testosterone catabolism in, 84 
LRF, see LHRH 

LRH (luteinizing hormone-releasing hor- 
mone), see LHRH 
Luminal fluid, of epididymis, 244 
Luteal function 

factors affecting in mare, 413-415 
gonadotropins and, 36-37 
prolongation in mare, 413-415 
Luteinization 
FSH and, 39 

induced by FSH and LH, 34 
LH and, 36-37 
Luteinizing hormone, see LH 
Luteinizing hormone- releasing hormone, 
see LHRH 
Lutcolysin, 320-321 
prolonged luteal function in marc and, 
413-414 

Lutcolropins, synthesis by placenta, 361- 
362 

C>— Cw-lyase. and steroid synthesis, 236 
Lymph flow, in testis of ram, 235 
Lymph \essels, in testes, 233-235 
Lymphatic capillaries, of mammary 
gland, 371 

M 

Magnum, of avian oviduct, 532 
Male 

control of gonadotropin secretion in, 
57-59 


effect of castration in, 58 
of FSH in, 39-40 
of HCG in, 41 
of LH in, 37-38 
of nutrition on sexual develop. 

ment in, 555 
of PMSG in, 42 
gonad development in, 178-179 
regulation of gonadotropin secretion 
in. 57-59 

Male accessory reproductive organs, 
246-249 

Male reproductive organs, 229-249 
semen and, 229-256 
Mammary bud, function of, 373 
Mammary gland, 369-400 ^ 
anatomy of, 370-373 
development of, 369-377 

biochemical techniques for measur- 
ing, 378 

criteria for, 377-378 
estrogens and, 107 
hormonal requirements for, 378-383 
lactation and, 369-400 
during postpubertal period, 375-376 
during pregnancy 360, 376-377 
during prepuberal period, 374-375 
progesterone and, 107 
innervalion of, 396 
morphogenesis of, 373-374 
Man 

coefficient of efficiency of spermato* 
gonial mitoses in, 212 
prostate in, 248 
toxoplasmosis in, 624 
Manchsltc, of spermatid, 217 
Manganese, effect on reproduction in 
gilt. 557 

Mannose, in gonadotropins, 23 
Marc, see also Horse 
anestrus In, 412 
blood levels of hormones 
at parturition. 418-419 
during pregnancy in. 351-353 
cervix of, 410 

corpus Imcum of pregnancy in, 358 
dclisery in. 418 
dourinc in. 627 

cITccts of nutrition on reproduction. 

557 
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estrus behavior in, 411-413 
eslrous cycle of, 352, 402-404 
folliculogenesis in, 404 
gestation length in, 342, 351 
gonadal dysgenesis in, 425-426 
gonadotropin patterns in, 407-408 
implantation in, 318 
induction of parturition in, 419 
insemination technique for, 275 
insemination volume for, 279 
length of estrus in, 410-411 
leptospirosis in, 613-614 
LH levels in, 405 
luteal function in, 408-409 
maintenance of pregnancy in, 416—417 
mucin coat on egg of, 289 
multiple ovulation in, 406 
ovarian function in, 404—409 
ovary, corticomedullary arrangement 
in, 406 

ovulation in, 405-408 
parturition in, 417-419 
PGF,. in, 408 
placenta of, 328-331 
placentation in, 325 
postpartum events in. 419-420 
pregnancy in, 415-417 
ovariectomy during. 356 
progesterone levels in, 405 
progestin during pregnancy in. 416 
source of estrogens during pregnancy 
in, 363 

time of insemination in, 278 
tubal passage of us'd in, 318 
tubular genitalia of, 409-410 
urinary estrogens of, 417 
uterine placement of ova. 318 
utcro-ovarian relationships in, 413— 4J5 
uterus of, 317. 409 
viral abortions in, 617-619 
young, number of. 342 
Marsupials, gestation length in, 342 
Masturbation, for semen collection. 260 
Maternal site, relationship to siic of 
offspring, 580-581 

Maternal eight, relationship to gesta- 
tion length, 581 
Mating behavior 
LHRH and. 14 
neural substrates of, 50-52 


Meat production, effects of prenatal 
nutrition on, 570-571 
Median eminence 
effect of HCG on, 41 

of lesions on prolactin secretion, 65 
gonadotropin inhibition and, 58-59 
synaptic transmitters in, 56 
Metosis 

blood-teslis barrier and, 242 
following fertilization, 297 
inducers of, 188-190 
modification of onset, 189 
in oocyte at ovulation. 287 
role of rcle ovani in, 188 
of spermatocytes, 214 
Meiosis II. and formation of polar 
bodies, 297 
Meiolic prophase 
duration of, 187-188 
in oogenesis, 185 
terminology of, 187 
Melatonin 

effect on puberty, 71 
reproduction in ewe, 478 
Menstrual blood, as precursor of fetus, 4 
Merino 

FSH levels in lambs, 596 
ovulation rate repeatability estimate 
of, 592 

Metabolizable energy, see Energy 
Metestrus 
in bitch. 501 
in Cal, 501 

Melhallibure, effect on ovulation rate, 
559 

Milk 

estrogens in, 101 
progesterone levels in, 99 
secretion 

mechanism of, 371-372 
nature of, 371-372 
pituitary control of, 10 
synthesis of, 388-395 
transmission of brucellosis in, 608 
Milk ejection. 395-398 
Milk fat 

blood precursors of, 393-394 
synthesis of, 393-394 
variability in milk. 394 
Milt line, formation of. 373 
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Milk precursors, and products relation 
ships, 389-390 

Milk ring test, for diagnosis of brucello- 
sis, 609 

Mitochondria, and steroid biosynthesis. 

90 

Mitosis, in oogonia, 185 
Monkey 

effects of brain lesions in female, oz 
estrogen le\els in cycle of, 61 
gestation length in, 342 
myoid cells and blood-testis barrier, 

241 

nerve impulses 
LH secretion and, 65 
ovulation and, 64-65 
pregnancy and hypophysectomy m, 

359 

young, number of, 342 
Morphogenesis, of mammary gland, 373- 
374 

Morula, formation of, 301 
Moulting hen, hormone levels in, 545- 
548 
Mouse 

effect of aging of egg in, 299 
embryonic metabolic requirements or, 
305 

estrous cycle in, 9 
gestation length in, 342 
litter size in, 342 
oocyte transport in, 288 
pregnancy and ovariectomy m, 3 
m Mtro embryo culture of, 306 
Mucin coat, on egg, 289 
Mucopolysaccharides, secretion by granu 


Myometrium 

effects o£ estrogen on, 105 
progesterone metabolites in, 92 

N 


Nafoxidine and stimulation of RNA, 
163-163 
Nervous system 

mating behavior and, 50-52 
onset of puberty and, 67-72 
reproduction and, 49-74 

Nervus erigens, 5 1 

Neural control, of pituitary gonado- 
tropins, 52-67 

Newborn, passoe immunity of, 337-33S 
Norepinephrine, in brain, 56 
Nuclear binding 

mechanisms, for steroids 156-'” 
of receptor-steroid complex, 151-'5/ 
of receptor-steroid and uterine growth, 

152-153 

sites for receptor-steroid on chromatin, 

152-153 

Nutrition 

effect on age at first estrus in heifers, 
426 

on conception in cattle, 563-564 
on fetus, 331-332 
on fertility, 13-14, 442 
OMilalion rate in ewe, 476 
on puberty, 553-555 
on reproductive cmciency, 553-5 /:> 


losa of, 191 
Mule 

chromosome numbers in, 424 
hemolytic disease in, 338 
oogenesis in, 183 
MuUcrnn ducts, 231 
Muscuhniy, in cattle and cuHrd gene, 
587 

Mjeop/flj/nn boMgenttatiittn, and 
epididymitis, 626 
M>ocpithelial cells 

lick of motor fibers to, 396 
of mimmar> gland, 371 ^ 

Myoid cells, and blooil-lcstis barrier. 


Inmeter of, 286 

’ranulosa cells and, 191 

;ro\vlh phases of, 190 

Tiituration of, 191 

metabolism of. 190-191 

morpho!og> of, 286 

primary, Primary c^>lc 

relation of follicle to. 190 

Mage of maturation at ovulation. 286- 

287 

imnsporl of. 

%anations In stock of. 182-1^3 
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Oogenesis 

arrest in adult, 181 
course of, 179-181 
dependence on hormonal factors, 189 
description of, 175 
duration of meiotic prophase in, 188 
folliculogenesis and, 175-202 
meiotic prophase in, 185 
origin of primordial gonocytes, 176- 
178 

variations in interval, 182 
Oogonia 

mitotic divisions in, 185 
morphological types of, 185 
scheme of division, 185-187 
Oral contraceptives, and LH secretion, 64 
Organogenesis, sex differences in timing 
of, 444—445 
Orgasm, in female, 52 
Ornithosis, and enzootic abortion, 621 
Ova 

implantation, 318-319 
life-span in female tract, 12 
number ovulated in sow, 459 
oviductal transport in dog, 515-516 
recognition of, 7 
survival of, in cow, 442-443 
transfer, 8 ree also Embryo transfer 
transmigration in sow, 462 
travel time through oviduct in hen, 534 
tubal passage of, 317-318 
uterine spacing of, 318 
Ovalbumin, in hen egg, 532 
Ovalbumin mRNA 

measurement in chick oviduct. 161 
in oviduct, 160 

Ovarian atrophy, effects of estrogen im- 
plants on. 61 

Ovarian ascorbic acid depletion, as 
bioassay for LH. 124-125 
Ovarian steroid biosynthesis, and 
gonadotropins. 38-39 
Ovariectomy 

effects of estrogen on uterus following, 
105-106 

effect on gestation in goal, 495 
in sow, 472 

on gonadotropic profiles in ral. 69 
on oviduct, 106 
on pregnancy. 356 


in bitch and cat, 517 
in ewe, 490 
in mare, 417 

Ovary 

catabolism of progesterone by, 90 
changes during pregnancy in, 356-359 
discovery of, 4 
in FSH bioassay, 123-124 
of hen. 530-531 
in LH bioassay, 124-125 
pituitary-steroid hormone feedback, 
107-108 

in PMSG bioassay, 126 
primary oocytes of, in calf, 435 
postpartum activity of in bitch, 518 
in cat, 518 

progesterone secretion by, 97 
struclure of, in mare, 404-409 
Oviduct 

effect of: estrogen on, 106-107, 159; 

progesterone on, 106-107 
in hen, 531-534 
morphology of in hen, 531-532 
nuclear binding of steroids, 156-157 
ovalbumin mRNA in, 160 
progesterone and avidin in, 161 
Ovine gonadotropins 
carbohydrate composition of, 23 
characteristics of, 21 
Ovine placental lactogen, see Placental 
lactogen 

Ovine prolactin, amino acid sequence 
of. 33 

Oviposition. and prostaglandins. 13 
Oviposifory cycle, in hen, 534-535 
Ovokeratin, in eggshell membranes, 532 
Ovomucoid, of hen egg, 533 
Ovotransferrin, in hen's egg, 533 
Ovulation 

action of infundibulum in hen at. 532 
in bitch. 505-507 
in cat. 505 

control by hj’pothalamus. 1 1 
effect of FSH in hen on, 535 
of sympathectomy on, 53 
effect on length of estrus in cat. 503 
egg at. 286-287 

without estrus in pubertal heifers. 436 

in ewe. 486—487 

factors affecting in bitch. 505 
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in FSH bioassay, 123 
gamete transport at, 287—291 
in HCG bioassay, 125 
hormonal events causing in e\%e, 483- 
484 

induction of, 36 
by FSH, 34 
in hen, 536-537 
interval of, m bitch, 507 
in LH bioassay, 125 
during luteal phase in mare, 406 
in mare, 405-408 
optimum time of, in ewe, 480 
in PMSG bioassay, 126 
during pregnancy, 356 
in rabbit, 8 
rate 

effect of nutrition, 476, 556-561 
of LH, 594-595 
in ewe, 480 

improvement of, 592-593 
relationship to estrus, 12 
role of FSH in, 36 
of FSH and LH in. 39 
of LH in, 36, 530-536 
of progesterone in hen, 536 
of testosterone m hen, 536 
seasons of, in ewe, 478 
in sow, 458-459 
theory of, in hen, 535-536 
time after coitus in cat, 506 
time of, in bitch, 505 
in ewe, 480 
in goat, 495 
in sow, 458-459 

Ovulation fossa of the mare, 405 
Ovulatory cycle 
in hen 534-535 

hormonal control of, in hen, 535- 
Oviim, jrr Ova _ 

16 Oxocstradiol, and ulcrinc growth. 155 
Oxytocin 
coitus and. 52 

effect on semen collection. 263 
induction of parliintion in marc with. 


419 

milk election and. 397 
rcguhtion of rclc »'C of, 396- 
role in maintcnincc of littal on. 


in parturition, 364-365 
in sperm transport, 291 


Pangenesis, 4 
Parenchyma of testes, 233 
P.irs longa gbndis, changes during copu- 
lation in dog, 519 

Parthenogenesis, occurrence of, 3UU 
Parturition 

in bitch, 517-518 

blood levels of hormones during, 343 
356 

in cat, 517 

definition of, 341-342 
in ewe, 491 

hormonal mechanisms during. 364-360 
m mare, 417-419 
in sow, 469-473 

Penis, analomical features m cat, 520 

PGF , see Prostaglandin F-» 

pH of cat and dog semen, 522 

Phallus, of coch, 548 

Phenotype, genetic determination of, 580 

Photoperiod 

breed differences m response 1°. 59 
effect on breeding season m cattle. 438 
sexual activity m ewe and, 4/s 

Phytoestrogens 

conception and, ^63-564 
effect on fertility in cow, 442 
Picorna virus, and embryonic mortality 
in swine, 627 

Pig, see aUo Boar, Gilt, Sow 
Cowper’s glands in, 248 
cITect of nutrition on puberty m, 554 
555 

embryonic development m 461 
genetic variation in. 589-5JO 
hemolytic disease m, 338 
prostate in. 248 

P.;:-rrm^^ 

10. 126 tc 

Pill, Prolactin inlubuing hormone. , . 

Piloctrpmc. Mfmuhtion of prostate 
secretion b>. 249 
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pineal gland 

effccl on reproduction in ewe, 478 
involvement in reproduction. 14 
puberty and, 71 

Pineal tumors, and precocious puberty, 

68 

Pituitary, see also Anterior pituitary. 
Hypophysis 

effects of nutrition on during growth, 
555 
function 

during pregnancy, 359-360 
LH secretion and, 235 
mechanism of neural control of, 52-57 
sex of, 73 

transplants, and gonadal function, S4 
Pituitary gonadotropins, neural control 
of, 52-67 

Pituitary hormones 

blood levels during pregnancy. 359-360 
control of secretion of, U 
Placenta 

circulation across, 330 
classifications of, 329 
endocrine factors of, it, 360-362 
formation of, 320, 325-326 
function of, 329 
ingestion by bitch and cat, 517 
initiation of attachment of. in ewe, 
488-490 
of mare, 417 
nutritive functions of, 332 
progesterone secretion by, 97 
as respiratory organ, 333 
ultrastructure of, 329-331 
as unique organ of pregnancy, 343 
Placental barrier, species differences in 
transfer rates across. 332 
Placental lactogen, ovine (oPL), 490 
as basis of pregnancy test in ewe, 481 
characteristics of, 490 
levels during pregnancy in ewe, 490 
progesterone secretion and, 490 
PJacentomes, structure of, 327 
PMSG (pregnant mare scnim gonado- 
tropin) 
bioassay, 126 

biological characteristics of, 361 
blood levels during pregnancy. 351-353 
carbohydrate composition of, 23 


chemical properties of, 31 
discovery of. 11 

effect of fetal genotype on secretion 
of. 363 
effect on 

immature rat, 72 
moulting hen. 547 
ovulation in hen, 537-538 
factors affecting production of, 
415-416 

follicular growth. 196-198 
induction of cslrus in sows, 457 
of ovulation in ewe, 482, 494 
molecular weight of, 361 
physical properties of, 31 
physiology of. 41-42 
plasma half-life of, 34 
pseudopregnancy and, 42 
relative potency of. 21 
source of. 361 
structural features of, 18-20 
use in superovulation. 308 
Polymerase ) and II, estrogens and, 162- 
163 

Polymorphism, in gonadotropins, 19-20 
Polyspermic fertilization, result of, 296 
Polyspermy 
barrier to, 296-297 
in sow ova, 461 
Porcine gonadotropins 
carbohydrate composition of, 23 
characteristics of, 21 
Porcine prolactin, amino acid sequence 
of. 33 

Portal vessels, S3 

Postnatal survival, effects of prenatal 
nutrition on, 570-571 
Postpartum interval, effect of nutrition 
on. 556 

Poultry, reproduction in, 529-552 
Pregnancy, see also Gestation 
in bitch and cat, 514-517 
blood levels of hormones during, 
343-356, 359-360 
changes in ovary during, 356-359 
corpus luteum of. 356 
in cow, 442-447 
diagnosis 

in bitch. 517, 618 
in cow, 451 
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in ewe, 481, 488 
in sow, 461 

effects of nutrition on, 567-571 
of ovariectomy on, 356 
of sympathectomy on, 53 
effect on estrous cycle length in 
bitch, 502 

on prolactin secretion, 65 
endocrinology of, in bitch and cat, 
516-517 

estrogen excretion during, 95 
estrogen production during, 101 
in ewe, 487-491 

hormonal influences on mammary 
gland, 380 

hormonal mechanisms during, 
immunological problems of, 337-338 
length of, 342 

maintenance of, in ewe, 490-491^ 
mammary gland development during, 
360, 376-377 
In marc, 415-417 
ovulation during, 356 
pituitary function during. 359-360 
pseudo, sec Pscudoprcgnancy 
role of estrogens in, 357 
of progesterone in. 357-358 
of relaxin in, 358-359 
sites of progesterone secretion during. 
97 

in sow. 465-469 

icmpoml relationships in bitch and cal, 
516 

uterine factors terminating m sow, 
465-466 

uterine proteins associated with. iit»- 
111 . 
uterus and progesterone during. 1 
5ff*rrcganc-3n. 20rt'dio!. in urine, 90-91 
Pregnant marc scrum gonadotropin, see 
PMSG 

Pregnenolone. bios>nthcsis of. 90 
Prenatal growth, effect of nutrition on. 
568-570 

Prenatal nuwtaliiy, in sow, 329 
Prenatal nutrition, effects on pminsiai 
%ur>hat. 570-571 
PifmuUtmy follicle 
eitrogen s)ntbeiH b>. •*S'6 
formation sff. 199 


Preputial glands, 247^ 

PRH (prolactin-releasing hormone), 
55, 65, 67 
serotonin and, 67 
Primary oocyte, 
of ovary, 435 
radiosensitiviiy of, 187 
Primary spermatocyte, 204, 214 


Primates 

placenta of, 329-330 
prolactin in, 65 
Primordial follicles 
numbers in cattle, 437 
sialic numbers of, 183 
Primordial germ cells. 203 
characteristics of, 176 
extragonadal origin of, 176-177 
gonad settlement and. 177-178 
hisiochcmical characteristics of, 176 


ulirastruclurc of. 176 
Primordial gonocylcs, origin of. 176-178 


Proestrus 

behavior of bitch during. 518 
length of, in bitch and cat. 503 
Progestagens, sec nfso Progeslins 
effect on fertility in cow. 442 
estrus synchronization in cow and. 


prolongution of cycle in c«c nnd, 485 
Progesterone, srr also Steroid hormones 
as b.isis for pregnancy diagnosis in 
ewe, 488 

btossay of. m-122 
biochemistry of. S9-92. 95-100 
biosynthesis of. 82. 89-90 
blood IcNch 

during estrous cycle m bitch. 354 
in cow, 344 
in ewe, 346 
in marc. 351 

in sow, 348, 459 


517 

in cow, 344-345 

in ewe, 346-347. 400U91 

in goaT. 359 

in mare, 351-352 

in fabbh. 354-3^5 

In sow. 348-349. 4fA-4f.7 

of. 99*92 
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comparison of assays for, 137-138 
composition of receptor for, 1S6-I57 
conjugates of, 96-97 
control of estrogen receptor by, 1 66- 
170 

of secretion of, 10 
control mechanisms for, 99-100 
cyclic levels in plasma of ewe, 484 
discovery of, 9 
effect on avidin synthesis, 161 
on capacitation, 293 
on embryo survival in sow. 468 
on onset of estrus in ewe, 482 
on oviduct, 106-107 
on protein synthesis, 161 
on uterine proteins, 110 
on uterus in bitch, 508 
estrus in ewe and, 483 
in mare and, 411 
half-life of. 99 

hysterectomy in mare and. 409 
identification of, 89 
induction of estrus in heifers and. 441 
in laying hen, 544 

levels at parturition in sow, 472-473 
LH secretion and, 64 
in maintaining pregnancy in sow, 466 
mammary development and, 380 
metabolic conversion for biological 
activity, 146 
metabolism of, 90-92 
negative feedback in mare, 407 
in ovary of hen, 537 
ovulation in hen and, 535-536 
in mare, 405 

physiological effects of, 104-109 
pituitary-ovarian events and. 107-109 
protein binding assay for, 13S-I39 
radioimmunoassay of, 137 
role during pregnancy, 357-358 
secretion of, 97-100 
FSH and. 39 
LH and. 37, 39 
structure of, 89 
urinary metabolites of, 9o-92 
and superovulalion, 309 
synchronization of estrus in cow with, 
449 

in ewe with, 493 


Progesterone-binding protein, and protein 
binding assays. 139 
Progesterone block. 358 
Progesterone receptor 
control by estrogen, 166 
physical properties of, 151 
Progesterone-receptor subunits, 156-157 
Progestins, sec also Progestagens 
in cock testis, 549 
nomenclature of, 80 
in pregnant mare, 416 
Prolactin 

amino acid structure of. 32-33 
assay using crop gland, 10 
bioassay, 126 

blood levels during pregnancy in cow, 
346 

in ewe, 348 
in goat, 351 
Bruce effect and, 67 
chemical properties of, 32 
control of progesterone secretion and, 
100 

of secretion of, 65-67 
discovery of, 10 
diurnal rhythm in secretion of, 65 
effect of, in birds, 66 
effect of dopamine on secretion of, 66 
of environmental stimuli on secre- 
tion of, 65-66 

of serotonin on secretion of. 66-67 
of TRH on secretion of, 67 
effect on cock testis, 549 
on corpus luteum, 42-43 
on mammary gland development, 
380-383 

on RNA synthesis, 389 
factors affecting secretion of, 65-66 
isoelectric point of. 32 
levels in sheep, 478, 484 
maintenance of corpus luteum by, 39 
of lactation by, 387-388 
physical properties of. 32 
physiology of, 42-43 
primary structure of, 32 
profile in rat plasma. 69 
progesterone secretion and, 10 
protein binding assay for, 140 
regulation of secretion of, 55 
role in lactation, 386 
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secretion at estrus in ewe, 487 
spermatogenic effect of, 43 ^ 
suppression of ovarian activity in ewe 
during lactation and, 492 
testicular function and, 37 
testosterone secretion and, 43 
Prolactin-inhibiting hormone, see PIH 
Prolactin-releasing hormone, 55, 65, 67 
serotonin and, 67 
Pronuclei 

formation of, 297-298 
in sow ova, 461 

Prostaglandin Fa« (PGF:«), 109-110 
effect on cow corpus luteum, 439 
on gestation in sow, 472 
on semen collection, 264 
embryo transfer and, 309 
in ewe, 485 
luteolysin and, 321 
in marc, 408 

oviposition in hen and, 13, 534 
synchronization of estrus in cattle and, 
450 

Prostaglandins 
reproduction and, 13 
role in parturition, 365 
in semen, 249 
as semen additive, 274 
Prostate, 246-247 
in cat, 521 
in dog. 248, 521 
in horse, 248 
in man, 248 
in pig. 248 
in ruminants, 248 
in stallion, 421 
testosterone uptaVc by, 186 
Prostatic secretion, stimulated by 
pilocarpine, 249 
Protein 

effect of dietary level on puberty m 
pie, 554 

effect on conception rale m cow, „ 
on male fertility. 566 
emcieno' of utlliration for prcpnanc), 
567 . 

effect of estrogens on oi» 

15R-159. 357 

of jvoftsicnonc on 4 >Tt!bftts OJ. io* 


in mammary gland, 391-393 
Protein binding assay 

for gonadotropins, 139-140 
principles of, 132-140 
for steroid hormones, 138-139 
Protein hormones, placental synthesis 
of, 361 

Proteolytic enzymes, in semen, 249 
Protozoa, affecting reproduction, 623- 

Pseudohermaphroditc, m horse, 427 
Pseiuiomonas aeruginosa, and purulent 
metritis, 626 


Pseudopregnancy 

in bitch, 514 
in cal, 514 

effect of prolactin on, 66 
induction in rat, 42 
Pseudo-rabies virus, and occasional 
abortion, 627 

Psittacosis, enzootic abortion and. 621 

VubcTiy 

age al, in liog. 499-500 
blood-testis barrier and, 242 
in cat, 500 
in cattle, 435-436 
cITcct of antistcroids on, 71 
of brain lesions on, 70 
of hypothalamic lesions on, 70 
of light on, 70 
of nutrition on, 553-555 

of pineal on, 7i 

effect on mammary gland development, 

375 

in ewe, 477 

byi^ihalamie feedbaeV. mechanisms 
and, 71-72 
in pig. 

precocious. 67. 6S 
nscudoprecocious. 6S 

• . ^ a/ 6 / -*7 * 
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digyny In ova of, 299 
effect of prostaglandin on sperm 
output in. 264 

embryonic metabolic requirements for, 
305 

factors affecting ovulation in, 63 
fertilization of ova in, 7 
fertilizing ability of epiclidymal sperm, 
244-245 

gestation length of, 342, 354 
implantation in, 303 
litter size in, 342 
mucin coat on ovum of, 289 
oocyte transport in, 288 
pregnancy and hypophysectomy in, 359 
rate of expansion of blastocyst of, 303 
role of LH in luteinization in, 36 
of oxytocin in parturition in, 364 
semen, origin and characteristics of, 

249 

sperm production in. 262, 265 
sperm transport in, 291 
spermatogenesis in, 224 
spermatozoa, passage through 
epididymis, 246 

totipotency of blastomeres of, 304 
Radioimmunoassay 
basic concept of, 126-129 
inhibition curves for, 129, 131-133 
production of antibodies for, 129-130 
radioactive antigen for, 130 
separation techniques in, 131-133 
validation of systems, 129, 133-137 
Radioiodination, for radioimmunoassay, 
130 

Radioreceptor assays, for gonadotropins, 
140 

Ram, see also Sheep 

coefficient of efficiency of sperma- 
(ogonial mitoses in, 212 
Cov'per's glands in, 248 
effect on onset of breeding season in 
ewe, 483 

on sexual activity of ewe, 478 
electroejaculation and semen quality 
in. 260 

epididymitis in, 616-6J7 
freeze-drying of semen of, 273 
frequency stages of seminiferous- 
epithelial cycle in, 207 


Leydig cells in, 235 
pelleted frozen semen of, 272 
scrotum of, 23 1 

seasonal variation in testosterone 
secretion in, 235 
semen 

origin and characteristics of, 249 
sex steroids and. 274 
Sertoli cells in. 219 
sexual behavior in. 483 
sperm 

changes in epididymis, 245 
fructolysis by, 251 
metabolism of, 251 
prtxJuclion of, 262, 265 
spermatogenesis in. 205 
spermatozoa 

metabolism of, 243 
in rete testis fluid, 243 
passage through epididymis. 246 
testis and epididymis of. 237 
volume of ejaculate in, 252 
Rat 

effect of brain lesions in female, 62, 63 
of light on puberty in, 70 
estrous cycle in, 9 
gestation length in, 342 
litter size in, 342 
mill, synthesis in, 395 
nerve impulses and LH secretion in, 64 
onset of puberty in, 68 
oogonial period of, 181 
plasma gonadotropin profiles in, 68, 69 
pregnancy and ovariectomy in, 356 
pseudopregnancy in, 42 
spermatogonial mitoses in, 212 
Receptor(s) 

hypothesis, for androgens, 87 
for steroid hormones, 143-144 
Receptor-steroid binding sites, types of, 
147 

Receptor-steroid complex, nuclear 
binding of, 151— 157 
Red blood cells, estrogen catabolism in, 
95 

Redox bioassay, for LH. 125 

Reflex ovulation, stimuli caustne. 52 

Relaxin 

blood levels during pregnancy in sow, 
348 
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discovery of, 9 

levels at parturition in sow, 473 
role during pregnancy, 358-359 
structure of, 359 

Releasing hormones, of hypothalamus, 
II, 54-55 
Reproduction 

bacterial diseases affecting, 603-617 
bacterial, viral, and protozoan infec- 
tions and, 606-607 
brucellosis and, 607-610 
in cal, 499-527 
in cattle, 433-454 
control in hypothalamus, 1 1 
cycles in, 434—441 
in dog, 499-527 
early Greek view, 4 
effect of flushing on, 558-560 
of inbreeding in pigs on, 590 
in sheep, 589 
of nutrition on, 553-575 
in male, 565 
in ewe, 475-498 
in goat, 495-496 
Harvey’s view of, 5 
in horses, 401-431 

genetic aspects, 424-427 
infectious diseases influencing, 605- 
inheritance and, 577-604 
neural control of, 49-74 
in pigs, 455-474 
pineal involvement in, 14 


changes during estrous cycle in bitch, 
508-513 

of cock, 548-549 • ■ iss 

Rcte ovarii, role in onset of mciosis, 188 
Rete testes, 232 

fluid, composition of, 239 . . , , 

Reverse transcriptase, to make H-labeled 
DNA, 160 , 

Rift valley fever virus, and occasional 
abortion, 627 

effect of estrogen on, 105-lt)b 
in sperm, 251 

'''dining meiosis of spermatocytes, 215 
stimubtion by estrogen of, 158-139 
mRNA, uterine activity of, 159 
RNA polymerase 

uterine activity of, 159 

uterine growth and, 162-165 
241 

placenta of, 329 

Rooster semen, sex steroids and, 274 
Ruminants 

cervix of, 317 
placentalion in. 326 
prostate in. 248 
uterus of, 316-317 
Rubella, and fetal malformation, 6 - 


in poultry, 529-552 
prostaglandins and, 13 
role of pineal in, 14 
unsolved problems of, 14 
virus infections and, 617-623 
Reproductive performance 

genetic improvement schemes for, 5 
601 

improvement of. 591-594 
selection criteria for, 597 
Reproductive physiology 
in hen, 530-547 
history of, 1-15 
in male cat, 520-523 
of male dog. 520-522 
of stallion, 420-424 
Reproductive tract 


„-Feldman dye test, for toxoplas- 

wnella abort, is eqai. and abortion, 
626 

tish Blackface 
nbryonic survival in, 593 
isponse to daylight and, 591 
>tum, 231 ,, 

5 thermorcgulator, -, -J 

^p:r:;;::iXmr:^5i58o 

rim^rovc growth rate in swine. 600 

ndirccl. 5S5-586 50 J. 59 S 

m is4. 3S5-5S6 
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Selection criteria, for reproductive 
performance, 597-600 
Selection intensity, 584 
Selection markers, use of, 598 
Semen, 249-253 

biochemical evaluation of, 266-267 
characteristics of, in dog, 521-522 
collection of, 258-264, 522-523 
effect of oxytocin on, 263 
of prostaglandin F.* on, 264 
of sexual preparation on, 261-262 
efficiency of, 261-264 
general principles of, 258-261 
procedures for, 258-261 
soonres of sperm cell lass dariag, 

264 

use of artificial vagina for, 258-259 
of electroejaculation for, 259-260 
competitive fertilization by, 267 
composition of, 252, 422^24. 521-522 
dilution of, 12, 267-273, 523 
estimates of sperm concentration in, 
264 

evaluation of, 264-267, 422-424 
extender for, 268-269 
goat, 496 

freeze-drying of. 272-273 
freezing of, 270-273 
frozen 

pelleting of, 272 
preservation by, 270-273 
storage of, 272 
thawing of, 272 
using glycerol, 12 

origin and characteristics of, 249-254 
packaging after freezing, 271-272 
pH of, 522 

physical e\aluation of, 266-267 
preservation of, 12, 267-273 
quality 

effects of nutrition on, 565-567 
improvement of, 273-276 
sperm numbers in cat of, 522 
storage of. in dog. 523 
volume of ejaculate, 252, 522 
Seminal plasma 
constituents of. 252-253 
fertilization and. 291 
production of. in cock, 548 
Seminal sesiclcs, 247 


in androgen bioassay, 122 
lack of, in dog, 248 
secretions in stallion from. 420-421 
Seminiferous epithelium, cycle of, 204- 
210, 422, 521 

Seminiferous tubule(s), 235-239 
binding of FSH by, 239 
fluid, chemical analysis of, 239 
length of, in bull. 210 
myoid cells in, 237 
Serotonin 

In brain. 56-57 

prolactin secretion and, 66-67 

puberty and, 71 

Sertofi ceils, 204, 219-220, 237-239 
androgen-binding protein and, 220 
FSH and, 39-40 

as source of fluid in lumen of seminif- 
erous tubules. 239 
steroid biosynthesis and, 40 
steroid oogenic function, 239 
Serum albumin, as binder of sex steroids, 
145-146 
Sex 

autosomes and. 580 
control of. 14 

determination of, 7, 578-580 
genetic abnormalities of, 579 
germ cell and, 578-579 
Sex accessory glands, in androgen 
bioassay, 122 

Sex hormone binding globulin, and 
protein binding assays, 139 
Sex linkage, recognition of. 7 
Sex ratio, alteration of, 274-275 
Sex steroid hormones, mechanism of 
action in females, 143-173 
Sexual activity, factors affecting in ewe, 
477-479 
Sexual beha^ior 
in bitch. 518-519 
in cat. 520 

effects of brain on. 73 
in e«c, 482-483 
in ram, 483 
in stallion. 421-422 
Sexual cycles, 7-8 

ensironmental influences on, 52 
Sexual dcNclopmenl, factors affecting, 558 
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reservoir, cervix as, 290-291 
site of deposiijon m female, 289-290 
transport 

in female, 52, 289-291 
oxytocin and, 291 
phases of, 441-442 
uterotubal junction and, 291 
Spermatic cord, and countercurrent heat 
exchanger, 231 
Spermatid, 204, 215-219 

maturation, and FSH, 39-40 
Spermatocytes, 214-215 

primary, see Primary spermatocyte 
Spermatogenesis, 203-227, 237-238 
in bull, 435, 440-141 
control of, 223-224 
in dog 521 
duration of, 222 

effect of environmental factors on, 12, 
224 

of nutrition on, 566-567 
of prolactin on. 43 
of vitamin deficiency on, 13 
establishment of, 220-222 
nuclear changes during, 215-216 
rate in testis. 13 
iti stallion, 422 
Spermatogemc v.A\e, 210 
Spermatogonia, 204, 210-213 
Spermatozoa, see also Sperm, 204, 249- 
253 

cytoplasmic droplet of, 242, 251 
expulsion from testis, 239 
fate d unejaculated, 146 
as fertilizing agents, 6 
homologous, immunological reaction 
against, 241 

life span m female tract, 12 
morphological changes in epididymis, 
245 

number of, m urine, 246 
passage Ihrou^ epididymis, 245-246 
physiology of, 11-13 
yield, effect of prolactin on, 43 
Spermiogenesis 
cap phase of, 217 
maturation phase, 217 
Staphylococci, and abortion, 626 
Stallion, see also Horse 
AI IB, 424 


accessory sex organs of, 420-421 
CoNVper’s glands in, 248 
effect of prostaglandin Fm on semen 
output by, 264 

ejaculation pattern in. 421-422 
frequency of stages of seminiferous 
epithelial cycle m, 207 
glycerol in semen extenders for, 271 
optimal semen collection from, 261- 
262 

pelleted frozen semen of, 272 
reproductive physiology of. 420-424 
reproductive system of, 420-421 
semen characteristics of, 249, 422-424 
sperm changes in epididymis, 245 
sperm production in, 262, 265, 423- 
424 

spermatogenesis in 207, 422 
testis of, 420 

Stereoisomerism, m androgens, 80-81 
Steroid hormone(s), see also individual 
hormones 

blood binding of, 145-146 
cytoplasmic binding of, 147-151 
discovery of, 8-9 

effects on mammary gland develop- 
ment, 376-377 
on semen quality, 274 
metabolic clearance rates of, 146 
nomenclature of, 80 
nuclear binding mechanisms, I56-I57 
placental synthesis of, 361 
protein binding assays for, 138-139 
radioimmunoassay of, 136 
secretion, by fetus and sex develop- 
ment, 579-580 
Steroid hormone receptor 
composition of, 156-157 
entena for, 148-149 
interactions between, I6S-I66 
^measurement of filled sites, 150-151 
'^physical characlertslics of, I49-I50 
states in cytoplasm, 150-151 
recognition of, 143-144 
Steroidogenesis 

action of ACTH on, 99—100 
m cock, 548-549 
induced by LH and FSH, 34 
m testis, 236 

Steroidogenic enzymes, 96 
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Thyroid, activity in fetus, 363 
Thyrotropin-releasing hormone, see TRH 
Togavinis group, and BVD-MD, 620 
Toxoplasmosis, 624-625 
Trace elements 

effect on conception in ewe, 563 
on fetal development, 570 
on male fertility, 567 
on reproduction in cow, 563 
Transcoften, and protein binding assays, 

138 

TRH (Thyrotropin-releasing hormone), 

55 

localization of, 56 
prolactin secretion and, 67 
structure of, 55 
Trichomoniasis, 623-624 
Triglycerides, precursor: product relation- 
ships in milk for, 390 
Trophoblast, 301 
Tubal passage, of ova, 317-318 
Tubular genitalia 

changes during estrous cycle in bitch, 
508-510 
in cat, 510-513 
Tubuli recti, of testis. 235 
Tunica albuginea, 233 
Turkeys, semen collection from, 260 
Turner’s syndrome, in mare. 425 
Twjn(s), see also Tv-inning 

attempts to increase numbers of, in 
cattle, 450 

incidence in cattle, 44] 
uterine problems associated with, 
in cattle, 445 
Twinning 

chorioallantoic anastomoses and, 335- 
337 

embryo transfer after induction of and, 
308 

genetic studies of, 588 
Tyrosyl residues, and radioiodinatton, 130 

U 

Udder, see also Mammary gland 
structures of, 370 

Urethra, obstruction caused by estrogenic 
hormones, 248-249 


Urine 

estrogen excretion during pregnancy in, 
357 

estrogen metabolites in, 95 
fetal excretion of, 326 
progesterone metabolites in, 90-92 
spermatozoa in, 246 
Uterine glands, role of estrogen in hen. 
534 

Uterine growth 

estrogenic effects. 158 
nuclear binding of receptor-steroid and, 
152-153 

requisites for, 162 

RNA polymerase activity and, 152-165 
Uterine glycoprotein, and placental size, 

jjo-ni 

Uterine luteolytic factor (ULF) see also 
Prostaglandins 

control of corpus lutcum and, 109-110 
Uterine milk, 317, 351-332 
Uterine proteins, associated with 
pregnancy, 110-111 
Uteroglobin 

characterization of, 107 
pregnancy and, 110 
Uterotrophic events, stimulation of, 
153-155 

Uterotubal junction, and sperm transport, 
291 
Uterus 

adaptations for implantation, 319-320 
anatomy of, 316-317 
of avian oviduct, 532 
changes at estrus in sow, 458 
changes during estrous cycle in bitch, 
508-510 

during pregnancy in, 342-343 
effect of brucellosis on, 60S 
of estrogen on, 105-106, 357 
of progesterone on, 104-105, 357- 
358 

of relaxin on, 359 
of steroid hormones on, 166-170 
in estrogen bioassay, 120-121 
in FSH bioassay, 123 
luicoTj-sin and, 320-321 
of mare, 409 

nafoxidine retention in, 1 62 
ovum transfer and, 320 
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m progesterone bioassay, 121—122 
spacing of ova in, 318 
stimulation of protein synthesis in, 
158-159 

of RNA synthesis m, 158-159 
V 


Vagina 

artificial, 258, 259 

changes during estrous cycle in bitch, 
508-510 
in cat, 510-513 
of hen, 532 
Vaginal smear 
m hitch, 510-513 
in cat. 513 

m estrogen bioassay, 121 
m HCG bioassay, 125-126 
in rat at puberty, 68 

Variation, effects of single genes on, 586- 
588 

Vascular supply, to testes, 231-233 
Vas deferens, in cock, 548 
Ventral prostate 
m androgen bioassay, 122 
effect of FSH on, 40 
m LH bioassay, 124 
Viability, of frozen sperm, 272 
Vibriosis, and reproduction, 610-613 
Viral diseases, and fetal development, 
622-623 

Virus infections, affecting reproduction, 
617-623 
Vitamin 

deficiency, effect on spermatogenesis, 

13 

effects on fetal development, 569 


on libido, 565 
on male fertility, 566 
on reproduction in mare, 557 
Vitnmin A and semen qinlitj, 566 
Vitamin C, and male fertility, 566 
Vitamin E, and male fertility. 566 
Vitelline blocl,, and poljspermy, 296 
Vitelline membrane, and tertilization, 294 
Vitellochorion. 325 


Wesselsbron virus and occasional 
abortion, 627 
White heifer disease, 589 
Wolf, hybrids wilh dog and, 324 
Wolffian ducts, 230 
Woman 

gestation length in, 34Z 
oogenesis in XO, 1 83 
placenta of, 329-330 
pregnancy and osariectomy m. 356 


Y bearing sperm, d^l^ntmation of. 275 

Y chromosome, and sex. 

Yolk, deposition m avian gg 53 
Yolk sac, formation of, 325 * 


aalysin. and sperm penetral, on, 294 

na pellucida. 286 
fertilization and, 294 
sperm capac.lal.on and, -93 
na reaction, ,p, 

mogen, elaboration of. 191 
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in progesterone bioassay, 121-122 
spacing of ova in, 318 
stimulation of protein synthesis in, 
158-159 

of RNA synthesis in, 158-159 
V 


Vagina 

artificial, 258, 259 

changes during estrous cycle in bitch, 
508-510 
in cat, 510-513 
of hen, 532 
Vaginal smear 
in hitch, 510-513 
in cat, 513 

in estrogen bioassay, 121 
in HCG bioassay, 125-126 
in rat at puberty, 68 

Variation, effects of single genes on, 586- 
588 

Vascular supply, to testes, 231-233 
Vas deferens, in cock, 548 
Ventral prostate 
in androgen bioassay, 122 
effect of FSH on, 40 
in LH bioassay, 124 
Viabiliiy, of frozen sperm, 272 
Vibriosis, and reproduction, 610-613 
Viral diseases, and fetal development, 
622-623 

'^itns infections, affecting reproduction, 
617-623 
Vitamin 

deficiency, effect on spermatogenesis, 
13 

effects on fetal development, 569 


on libido. 565 
on male fertility, 566 
on reproduction in mare, 557 
Vitamin A, and semen quality, 566 
Vitamin C, and male fertility. 566 
Vitamin E, and male fertility, 566 
Vitelline block, and polyspermy, 296 
Vitelline membrane, and fertilization, 294 
Vilellochorion, 325 


Wesselsbron virus, and occasional 
abortion, 627 
White heifer disease, 589 
Wolf, hybrids with dog and, 5-4 
Wolflian ducts, 230 
Woman . 

gestation length m, 
oogenesis in XO, 183 
placenta of, 329-330 
pregnancy and ovariectomy m. 356 


Y-bcaring sperm, 

Yolk, deposition m 

Yolk sac. formation of. 3-5 - 


. lysin, and sperm penetration. 294 
, pcllueida. 286 
rtilizalion and. -V4 

=rm eapaeitat.on and. .93 

, reaction, 296--97 
occn. claboralion of. 191 
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reservoir, cervix as, 290-291 

site of deposition in female, 289-290 

transport 

in female, 52, 289-291 
oxytocm and, 291 
phases of, 441-442 
uterotubal junction and, 291 
Spermatic cord, and countercurrent heat 
exchanger, 231 
Spermatid, 204, 215-219 

maturation, and FSH, 39-40 
Spermatocytes, 214-215 

primary, see Pnmary spermatocyte 
Spermatogenesis, 203-227, 237-238 
in bull, 435. 440-441 
control of, 223-224 
in dog, 521 
duration of, 222 

effect of environmental factors on. 12. 

224 

of nutrition on, 556-567 
of prolactin on, 43 
of vitamin deficiency on, 13 
establishment of. 220'222 
nuclear changes during, 215-216 
rate in testis, 13 
in stallion, 422 
Spermatogenic wave, 210 
Spermalogonia, 204, 210-213 
Spermatozoa, see also Sperm, 204, 249-^ 
253 

cytoplasmic droplet of. 242, 251 
expulsion from testis, 239 
fate if unejaculated, 246 
as fertilizing agents, 6 
homologous, immunological reaction 
against, 241 

life span in female tract, 12 
morphological changes in epididymis, 
245 

number of, m unne. 246 
passage through epididymis, 245-246 
physiology of, 11-13 
yield, effect of prolactin on, 43 
Spermiogenesis 
cap phase of, 217 
maturation phase, 217 
Staphylococci, and abortion, 626 
Stallion, see also Horse 
AI m, 424 


accessory sex organs of, 420-421 
Covsper's glands in, 248 
effect of prostaglandin on semen 
output by, 264 

epculaiion pattern in, 421-422 
frequency of stages of seminiferous 
epithelial cycle in, 207 
gI>ceroI m semen extenders for, 271 
optimal semen collection from, 261- 
262 

pelleted frozen semen of. 272 
reproductive physiology of, 420-424 
reproductive system of, 420-421 
semen characteristics of, 249, 422-424 
sperm changes in epididymis, 24S 
sperm production in, 262, 265, 423- 
424 

spermatogenesis, in 207, 422 
testis of, 420 

Stereoisomerism, in androgens, 80-81 
Steroid hormonefs). see also individual 
hormones 

blood binding of, 145-146 
cytoplasmic binding of, 147-151 
discovery of, 8-9 

effects on mammary gland develoj;>' 
ment, 376-377 
on semen quality, 274 
melabohc clearance rates of, 146 
nomenclature of, 80 
nuclear binding mechanisms, 156-157 
piacentai synthesis of, 361 
protein binding assays for, 138-139 
radioimmunoassay of, 136 
secretion, by fetus and sex develop- 
ment, 579-580 
Steroid hormone receptor 
composition of, 156-157 
entena for, 148-149 
interactions between, I65-I66 
^measurement of filled sites, 150-151 
•^physical characteristics of, 149-150 
states in cytoplasm, 150-151 
recognition of, 143-144 
Steroidogenesis 

action of ACTH on, 99-100 
in cock, 548-549 
induced by LH and FSH. 34 
m testis. 236 

Sieroidogenic enzymes, 96 
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Stigma, of avian follicle, 530—531 
Stillbirth, in sow, 471 
Streptococci, and occasional abortion, 6-6 
Subterranean clover 

effect of estrogens in, 248 
infertility in ewes and, 563 
Suckling 

effect on postpartum eslrus, 492 
on prolactin secretion, 492 
Superovulation 

embryo transfer and, 308-309 
factors affecting, 309 
Sweat glands, in scrotal skin, 231 
Swine, see also Boar, Gilt, Sow 
brucellosis control in, 610 
Sympathectomy, effect on reproduction, 

53 

Synaptic transmitters, in median 
eminence, 56 

Syndesmochorial placenta, 329 
T 

Tasmanian Merino, and response to light, 
591 

Temperature 

of bitch near parturition, 517 
effect on fertility in cattle, 590 

on preservation of semen, 269-270 
on reproduction in sheep, 479 
on sperm fertility, 299 
on spermatogenesis, 244 
for thawing frozen semen, 272 
Testes, 230-243 
androgen secretion and, 87 
blood supply to, 231-233 
of cock, 548 

descent of, 230-231, 521 
effect of androgens on, 103 
of nutrition on size of, 565 

growth as estimate of ewe reproductive 
performance, 597 
hormonal control of, 223 
interstitial tissue of, 233-234 
parenchyma of, 233 
of ram, 231, 237 

rale of spermatogenesis in, 13, 422, 
435, 440-441 
of stallion, 420 
steroid synthesis in, 236 
temperature control of, 231 


weight at various ages in bull, 437 
Testicular atrophy, 57-58 
Testicular function 
control in cock, 549 
gonadotropins and, 37-38 
Testicular lymph, 241 
Testicular spermatozoa, metabolic 
differences with epididymal or 
ejaculated sperm, 242-243 
Testosterone, 230-231, see also 
Androgens, Steroid hormones 
bioassay for, 123 
biosynthesis of, 82-83 
blood-testis barrier and, 241 
catabolism of, 84 
in cock testis, 549 

concentration of. in female. 86 

control of LH secretion by, -35 

conversion to 5 «-dihydrotestosterone 
and androgenic action, 146 

effect of GnRH on, 88 

effect on ovulation m hen, 536 

In fetal calves, 231 ^ 

in internal spermatic vein, 235 

sexual season, 479 

,LHand, 235 
from ovary of hen, 53/ 

ami red deer, 235 

protein binding assay for. 138 

radioimmunoassay ot, 13 / 

"ceptor steroid complexes and 

metabolism of, 146 
In rete testis fluid, 239 

::,rin aeeessory gland secret, on, 248 

^"Ta=c"essory sex glands of male and. 

. HCG and LH and, 41 

cJfTcTof prolactin and LH on. 43 
synthesis of. in testes. 234 

in binding globulin. 

Tcsioslcronc-cstrogcn u 

Thcciterna. as estrogen synthesizing 

cells, 486 



